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PKKFACK 


T nn I’rcfacc !u Part iv which intriKlucnl thin Maniixl to the 
frailer in n>ti^ cnnirntplatril as a prcliininar)' a histurica) 
intriKluctinn ami a Htatrinrnt of the general nirti'iirohi^ical 
pruhlcm at the prrjirnt day, in Ih* fnllnwcd l»y Part i "a ttcncral 
Hur\'cy nf the «t*d its atimwphere,’’ Part ti "the phyaical 

pntpcrtictt nf air," and Part in the Hcttini' nut nf " the dynainicai and 
thermal principles upnn which thenretical inrtenrninKy liejienda ami 
which find their application in Part iv," It wan further contemplated 
that Parts ii and III tuiKhl Ih' inchuleii in a sinKte volume. 

‘The iustnrieal introdutiion claims its place as Vol. i, and the 
Keneral sur\Ty of the kIoIh' and its atmosphere as Vc»l. ti. 

'I‘he endeavour to represent the debt which meteornloj^y owes to 
the achievements of exfierimental physics has resulieil in an alteration 
of the plan. 'Phe thermal principles ojHTative in the atmosphere were 
found to Im? an essential part of the study of the physical projwrties 
tif air. And the mode «if treatment led automatically to the c«m- 
sideration and then to the reconsideration of the customary 
mete« troll ijjical methoils of dealing with the reaction of the atmo> 
sphere to the thermal treatment which it receives in the natural 
course. 

'Phe reconsideration opened out upnn some sutt;(testions for the 
use of entr«»py as a meteoro|o>»ical element in various ways that 
invited exploration. In particular it has Iwen foumi possible to 
rci'.ird an nrntnipir mrforr as a practical alternative for sea-level 
or Houu' other hnriztmtal nurfitcr on which to place the facts about 
weather, t lidv the heninniuKs ot the e\p|orntion have Iwen made 
and ii »s hoped to enlist the reader's assistance in its prosi'cution. 

To break oil that evpioraliott in onlei to incluile the recital of the 
achievements of Newtonian dyn.imics in the domain of meteorology 
would Ih' a clianv'e of keynote more suitable for another vohmte, to 
include what has already been printeil in Part iv, than another 
chajUer which wouUl lea\e Part iv as a lietacheil ap}H'ndix. 'Phe new 
volume IS the more natural since the original Part iv is already out of 
print. 
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SYM HOLS 


i rvtmtiMil*: « loiii»r «-ia 4i4Jg, Intfr td 

I Ilf fhr lir»! »if rr^jMifii rlforlii liavr hrrn in*nlr lo nyKtriiiatiHf* uhd itrr^n^r n 
ftir Oir ivtiilHiU iihtrh iirr mjtMml for ihr mtiliiiiiilr nf ijttitncitini r»i»p!*iyril in the 
atinhiMt Ilf ph)iiu iil imiMLOMir* mul ihr rmihritiiiluuii iiprrafiiini uhii h rhtw 
nm\ III iHuirrgit. "rtir rffarf* whtrh wr have in nttvul a! ihr nioiiirnt arr thiiiMr 
III the Itiirrniiiifmd C*<ifntiiiiyiiiiii iin ihr rfitlu altfin of I*tiv»icii-C*hrrnnal Syfiilwilii 
r^lrinlrt! In a cofiimiiitr of the IMiyaiial Smiriy t*f l,nml«»n*i Mi Ailic?** lint 

**f •ymHtib lo iMpcurr tiniforfiiiiy in arrngrapliH' iifiiaium*, iirnl iht* array iif nyintHtla 
rinpiovrtl by F. Kh tianliiiin*, 

II. ieffiT)* him callnl attcnitiin Iti clivrmify of praitiir with rrfrrrnci? Ui latitude 
imi kinniltiilr*. 

rhr itmfrrtal ailahlr fi»r a KVHlriii nf kviiiIniIsi iiitiniiitii of the jli lettrrw of the Latin 
alphalK*!, J4 Iriirrmif the Cirrrk alphatirt ^^ith iMitne irailitional fnathrmalical Htgfui^. 

llie f ifithti alphaliel ik aliiti available but ia liitlr iiard in nmnufteript, atill lemi in 
H^mir atldifinnal MyinlHilfi from other jitp)uitirit« are tmeti liy Ktchardmin. 

\Vr may rrnitfid the reader that our phaar of ihe prohleiii %%hivh ihia lial of ayndnib 
sMIcfrata haa been ncihTd for tnefmrolojfii al olmerviitiofin iin the armfo^y of the 
timdilmfUil mathrmaliral iinna. by itiferimftonal a^rmiirnt a liaf of aYinlMila for 
^*fiilhef, intertiafifinai hientfilyptiiia, «priiidly tlrviftrd lor rn ot^niaabir writing an 
art mil in rhapter tt of vtilumr l. We ba^r fried lo make iiae of the idea in the 
ayrnhob for cltattnguiibing the energy of lung-wa^e radiation from that of abort” 
wuve radiation tin p. and ifie repreariifafititi of radiaiitin by op{Hiatrig arrowa on 

p. 

rhr lU Irifria of cbr 1 atin alphabet, pobitoiiiilv nurd* van aiipplv 104 ayndwib, 
4 4piia)a and moall Irller*. rotnaii and italii*; anti the (irrrk alphabet jjj aymlmb* 
tbiffrrn «il the upper laoe Iriieni are idenfii al with the Latin lapifala. 

ileMidra the author^ who write* of f\pr», there i* alwi the printer to be ronaiilered. 
lie hail fradititin* for lii* guitle in the arlrt lion of l\ an briwrefi iinrial and niraive, 
rofimn ami iialu . A %% filer often Irair* the printer to bia diai retion and drawa no 
dmiimiion hnnarlf lietwrrii u.c. atid l.i ,, roni. nr ilal. Sntnr timlerafanding ia 
aiiofdiftgly rrtpiirrd. 

H«i far aa our obarrvali*in gfiea many wnirm on plotnii al aiibjetia draw noappreeia* 
tiofi of iliffrrrtur lieiwern the nin tlaaiir* td type; but* with care* one ran detect an 
ifM linafiofi for the one «d 

hi lower t 4»e ifabe letirr* for algebran al vartablm «m b m .v» v. a* / or for unknown 
I ntiilatn A. II, /», r ; 

III ) low rr I ane *»r upper i aiwr tiiiuafi fi»r iiiiinerii al i niislaiil* of know n value, b, i . 
I hear t%%»i aboont ituplv 

foil biwrr *aae. i»r upper 1 a»e, fooian for A’^nilmb t»f algrliran al mieralion; 

fo I lower I a^r nr upper 1 a«e rtiftiaii to deiittfe the unil* tn whic h a cpiaiility ia 
r*prr%*r«l nuoien* allv ; one of the two ahtiuld wuHue, nanirlv liwcer c ime g«m,h, 

* mvi, t<jM * 4 . P 1^11 'ol tiji4 l,a* fi, 1^4 

* «/ lAr '|»fo«iNj#Mi «f/ f linfifiwrliirv «/ cud. 1 pi. 4, C ainbfidifr, 

f1 ifMJ 

* u*m h\ /Vi*rrii, < ainh I *no Pte**, pp Jt# 7. 

* tl I .SW %-fil tivfii, tgjj. p |o 

* ' Mmhrti^aiMa} thr«»Mgh the ccrnlurtr*/ * 1 * 1 . II , #V*jfi#r#. c'fil. 1 saiv, tyjg. p. 4. 

C *1* ) 
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t SYMHOI.S 

The rcsolutionii of the Cnmnuitc-c nf iltr l'hui*^l s.i, iru m. lo.lr 


TYI'0«:MArHM‘ M 


('tipilah <tnd mntl Irtinri 1<m rlciiriml i|ii»niinr» .lu . 

fttand f«>r the amplituiic and unall lciCct» l»ir ilir \aliir at <»iia 

Greek letterM. Where imwihlr, (;rrrk Iriin* *hnul«l Mtrd I.m anwir. loi 
qu«ntitie«. 

Subtcripiix The uie of tutMMiipiii f**r ciim|w»firnu nJ •IvmM Iw' A* a 

tteneml rule luhicripto thnulil lie avetideni 

AhhretHatiomfar mtmet «/ umn Ordinery i>|h* •Imuld l*r uftrd («if ilw •> mU*U **i unn» »t%A 
. not clarendon. 


In agreement with the recominrndaimm of the IntcrnaiKinai I W* hnit«J l 
the International ('ommiaaion nn the rnilHaii«»n «•! I*h%*u*» 1 hnnual s>n,l»i.U •nd ..iKr# 
the C*otnmliiee recommend : 

That italic, not roman, letirra Int uhhI at lymUiU lt»f the megtut%**lr* •»! «|M«n«iiic* lo til 
branchea of phyaici. ^rhii appltet to captialt at well at tt» li»wef late letieit 


'i'o thcBc four let ui add : 

(v) A ayrnlHil ahnuld be regarded b\ the printer aa a tMnUd aitd i»»t the ald*if ma 
lion of tt word. It doca not rci|utrc In Iw (nlliturd b\ a , . I»ut nu^ ln^r iit i -mmiim 
like an ordinary aubatantivc when there la a atutratinn 

(vi) 'rherc aecma no fffHHl reftaoti why a ilniiblr Ircirr nr a t\ liable tb«»ubl n-'t I e 
employed instead of horrowinji a sviiiIhiI already in oar. rt|H*«ull\ it tint tbr .ate 
with regard to (iv). 'rherc accina no rraaon for example win inn tlnitiM f*»»i l*r ute I 
to indicate micron instead of cmptoymit the iinnh utril t\inUi| p, piti 4 t art it ute*l 
for a second of time, 

We have found the tiar of tl and hh tpiiie ifituetiirni . wr hair loninnpUtrd 
saving symbols by using iV for angle of tmnleiue, n bn angle «d irfraAiinn. and »«• 
for index of refraction. 

(vii) Traces of ayatein arc apparent in the noiatiofi for Ihixiona X, and for tu*h 
related quantities u for a mean value and the departiirrs fhrrefivMii f or fut ttir 
original position of a particle affected by a wa\e and its diapUirnimi front that 
position X, f . 

(viii) Accents (except those used to denote tniniiirs atui sexomU of angle) 4tid 
suffixes arc at the discretion of the writer anti printer 

In the symbolism of this IrfKtk we ha\r rndra\otirtxl (not a|wa\a wiiMCMifulK ) i<* 
keep these eight guiding priniiplcs in mind. 

In order not to interrupt a train of thought it is natural for a w riicr t»n am «h 4 a«ioii 
to use the ftrst symbol that the point nf hia ikii happrti* to form, guided b\ a«tmr 
reminiscence of previous habit or by the suin oim louaiirM that a iir%% nira «hotdd 
not claim a new symbol until it has rsiabitahrd its rriit>e4iabiiii\ NrollcM to «4\ . 
a reader who is concerned with a writer's single paragraph \iews the matter frMin 
a different point of view; much loss of time (among other things) is inxohr^l m the 
uncertainty as to what a writer might actually mean by aymUiU of dual or tttpir 
significance. Knowledge of the practice of others is a step tnwardt firganiMtPin 
We have accordingly tabulated the usage that is to be found cither tit this xohimr «»r 
other volumes bearing on the same subjects snd present the result here The list 
is by no means complete but it msy be helpful as inditaiing the symiHtU that a 
^‘compleat** meteorologist may meet with in the course of his reading. 

Authority for the quotation of the meaning of the several symMs ts indnoied os 
follows: 

(0) this Manual; (1) other meteorologtcsl books; (i*) McAdie or Richardson, 
(a) ancient physics including thermodynamics and oplks; (a*) rccotnmcndaiHms 


SYMBOLS xxi 

*i( ihr C^mitnitlec of the Physical Society ; (3) tiUKicm physicH, electricity, riuliation, 
rlritruii theiiry; (4) astronomy; (5) dynamics and hydrodynuinics; (6) atutisticH und 
aijfrhra; (7) aeronautics, 

I he alitirevtaiif}!} t ar means that the symbol is ftnind ;m a variuhlv in an algebraical 
rijiiafint). 


TABLE OF SYMBOLS USKI) IN THIS VOLUME 

Armniied according to the alphsbeti einphiycd, namely: upper eitsc roman, lower ca«c 
ruinsn, upper case italic, low^r caw italic, wreck unciuh and wreck ininuaculc. 

(‘ASI-: HOMAN 

A Alwajrpiion loind <a); abaolute temperuture (i); Anwatr^im unit {pmsim) \ hcat-ci|uiv«!cnt 
of Hfirk (i*); ampere (a*). 

A AnifatrOm (i*)* 

II At>»orption loiml (a); ctmiiant of intcwnition in cxprcsaitins for intrinsic energy amf total 
heat of vajiour (a); tnagnciic induction (a*). 

C! Conalanl (t*); electric cn(mcity (a*); couUanb (a*). 

D Total differential. 

E Ivaal ifMMtim); energy (i*); votiagc (jl*). 

F Magnetic flux (a*); farad (a*). 

G Gramme in c.ti.s. ; comiuciancc (a^). 

li nrtghi f»f luimogmcouH ritmojiphcrc (o); tniignetic force (a*); henry (a*). 

! Kleitm current (a*); intcnNiiy <il iiuiunritHation (a*), 

J Mnhurmal ri]ut\atrn( of heiit fa); joule (a*). 

K Tutbulerue tranHoriunton of heat anil motion (t*); electric capacity (a*). 

L Latent heat (o, a); aelf-iruluctaruT (a*); wvnl longitude (4). 

M Magnetic moment (a*); mutual irnluctatue <a*}. 

N North (poaiiw); niimtirr of aic»mw or tnoleculea (a); AvogiulroV constant (i*), 

G Hadtus of earth (o). 

V Electric iKiiarisatron (a*); power U*h 
ij I lrai»rnrr«y (i*! ; elei trie < harge (a*). 

H < trta uifistant (o, t*); electric resistance (a*). 

S South fpooim); second in c.u.h,; e«trt»py (i*). 

*r *rrmperafurr, idnoluteor teicrntesimal (o, a) (with sudix to ilenotr the scale i*); periml 

V Vriolily of sinind (a|; rnternal energy 

V S|wihI of \vaie« foL foliage (a*); ^olt (a*). 

W West (pfimmL energy and work, sec re (a*); W’att (a*); external work (1*), 

X AI««»t)Uiitn Imm! Cal; crirsi-srctiim of pipe or noxxle (a); reactimcc (a*h 

V Ahsiirtitron band (aK 

y, Ahsitrpfiori Imnd (a); impedance (a*). 
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SYMHOl.S 


MlW I M « AHl M A* ft 


a 

b 

hh 

t 

r 

ii 

</ 

f 

fV 

f 

ft 

u 

h 

b 

I 


A iimMun! nr mrffutrnl U) ii> « I .mun d.ik* n. - » 

Ntr nt Huy «l urn nuunriti i?». »*< ihr m %««n .In 

fnrimiiil(I A)</’ *' * *» -W/U*) •in-t llu wain irlr *ir.li..,l»> .n .. 

A nmnlanr (O, M, K«*’t‘'«*l**”* n»-%iililinr m wn lin Waal* r.n*ali..t» IJ*> 

iiirttuirnt (j*). 

Prtiiurr-urAclirni, fvir (!lu\« 1 UII *»0 io) 

C onNlAnt (O, fij. rtld>-\l«f»«|ly f l*l. «ttirirtfrtlii»n tnlumr *t Hi in a|.|»»^»%iin«ir 

fnnmiltt V-^Hi r ♦ A rd*) 

E^rcfrrAltly i*, »|*Ciihi hraft »i( air (o, t, Jl< **1 Ittflii < t, 41 

DcitMtinn, fvir (o, ft)i imillal prcMiirr i»f *li> ah <oI. tirmiu *»! H«iri <o» .Irnmu 

of iftturouii Atr (o), \rrlUAl itiaUmr (il 
IVtffrrttlilv il. •jmfxil n( ililfrrrnliAliMtt 


PrcAAUIT of \\Airi-\ Ap*iiir, f<#r (o, tnllaifr (j*J. iliArj^r t.h an clr.iiiH (p *•«•< *•* 
IttKHrilhtm (I*, a*, fuiuim, m r) 

DiAiMiiir rAAiiAartlii (t*f 


RrlAliv t* (o) , prr«*ufr nf i%ittil. t <if (oi . iniri nal f 1 ii tM»n ( j 1 , pir ••mr &«iMf air tl 

>N|M)ur (if« fm|uriiiy (j*I, ^aihuia fnndinri* ii*i 
Aicclcrfltiiin nf WfA'ily <1*. j*. /wmifAi 
t^rrfcfNhly u. itrninmr ( 1 . j I 

ftriuht «r itmknrAAi f'<fr (0. 1), f|iiAli(ll> nf hral. ivit lo. ji. Iinulii aUnv nH’«n ora Ir^rrl 
(t*); fiiiAl hrrtt Ilf (J*) 

PrrfrrAlily h, IMAfuk’A pimiAttt 

t (fiftttim), Anttlr nf mtnlrmr (o, j). •«l»an»pf fm arlMiraiv liriiflii Ci*i 
currrni (a*) 


j Anulr of rrfrAciion (o), A|H*iiAt ic«*fir«linAir in anil (i*) 

A A conitNni or covlfictffni (0, a) , ah in opiicA (o| , ihrtmAl iniwtur ( • •> . flm«n«l 
diffuAiviiy (a**, m« AT); kiln (a*). 

/ I^Kfh, diatanot (t*); nflf-induciNiica fa*). 

/ Prafenibly 1, lynihcit of Irniilh in dimanAictruil rtpuiiinn 

/, m, PI Direction cotlne« (4, 5. 6). 

m Mrm, tHtr (o); msM of ho rlri*imn (3); inivarAl numtirr (o. fi) innf«i#n<win !>•»# 

(1*); index (a*): m««A nf wrAirr-vepnur in unit noiM nf inoiai an < 1 1 tn«irt>rfn |«*I« 1 » 

mutual inductance (a*); milli- (a*). 

m Preferably m, lymbnl of niaae in ciiinrntinnAl riiuaiinn 

m/< Millimicro* (a*). 

n Intearal numlwr (i*, /mirtw); indra (a*); xnlmnr in aAa««r|iiai»t*n (ji, ffa<|t«*n< 1 < 
ratio of ipectfic Ivrata (a*). 

Bn Diatance northwarda ( t *}. 


o 


p PreMurci t/or (o, t, 1*, a)i in kit'm* (7); %*apnur-pre*Aur* of liouki or Miurwinan nfraamr 
(a*};picoto **(a*). 

q Vapour-preaaure (0); horianmal temperaturr-tfradieni (o); elecitic rharie ( j*|, 'Mnnaa* 
fraction '* or ** quality “ of mixture of tiquKi and vapour < a*) 

q Preferably q, conatam in pilot-balloon formula (o, t ) 

r ^diua-vociof (i*. pa$nm )\ elevation due lu refranum (1), angle of tefraciem f j>* i.nre. 
lation coefficient (0, 1. 1*, 5); relative humidity (t), reaiaianra fa*). 

f Denaily of water-vapour (o); horiiontal preaaure-gradieni (o); diffu»i%iiy id ootl f..f 
temperature (i*); ipecihc heat of vapour at coniiani volume and apecifw heel of luiukl 
or aolid (a*); laimity of aca-water (t). 



SYMBOLS XXV 

I r<iiir, tnit (I*. fHtmmi; trm)>rrAiutc, fur ir» ifirmun unit* (o, i, Jtl; U'mpcralurc in C* 

u*i. 

t l*trlrfi»l»h t. nf fjinr in iliiiinnnutuit ri|uaiinn» 

II rrin|»rialiitr !rri cntraitnnlt (oj. 

t« \rUMit\ \rl»H i*v-iiijn|Minrm in i itttc«iiin Mini % ylimlruiil itiwinlinatcM^ Vtir ( 5 ); 

UivimiaI ]H:r \u)utiir (t*). 

I- Vcloi ti v»«»nM^'***'*** *t* I rtrlr*iAti i«i>iir«tituttfr*. I’lif ( 5 ); vrlm ity { 0 , I*); »pri*illc votuinc, 

i*ir u», I. 4». v«|Mnir "prr^ftiirr in inl» 111. *»pri itu* \n!utiii* t*t iu{Uii{ ( 4 *); (i*), 

n Vrlm ii) -tniniMinmi in i nfirunti iU'iirthn»iCr*i, fat (5); ilrniiity of wutcr 40|; mMBit of 
%%fitrr r |iri \iiliinir 11*1. ct%rt a\ *itnl uurk ( 4 *|. 

% i«i ortlinutr. t'*#f ii*. /iriitiwfl, iiruuifitn of A‘ fnmi nirim (o) ; iA«tcr»vtt|M«ir 

aift««H 4 <itr«l i*iih unit lOii** i»l ilry «o fa. i>. irtoiumr ( 4 *). 

y lloriiwmiiii it» «u»iih4!r, lof (i*. ttruafiofi of V from mriin (o), 

a \Vriit4l tai*«ift|inafr, t/ioiorfy). tni{ir({4tur (4*1; itrplh tn umurni (f*). 


i;hm:k i»M iai. 

r < ♦(iHn»olr#iH<il (o, t); ruafnini rnrmy ni infrrfinr pri rtrrii wml per lime (l*l. 

A Siniill ifurrmrni ( 1 * 1 , *141111(101 tlrriiiiy ol aliy dtr fol. 

II l^ililiiilr (tj; Irrteniriiniiil *rm|»rriiiMrr tw», r»|i|y4»r<U prt nui**(l*l. 

\ 

X Mujui «f wHtrr evii|i«ir«linif from infrrfii«.c firr horiKonNl iirr« eml prr lime (*•). 

It 

% Hign of Bamnniikin (t*, fhitumh 

V, *l» Heliite Hi vrriitel viplmily m thr •Imifitphrrr 0 * 1 - 

# Kfitrnpy Ilf (4*); elMiorpiinn Imml (4); mitiffirlii' lliiit (a*l« 

\ AtMMirpfi«m Iwml (4). 

it AlMMirpiion Iwoil (a); premiore in water m wnl (i*l. 

U AlHnirpiion Imodl (jJ; ohm (a*) . 4*4 tifi 4 (i*); annular velocity (0), 

CiKhKK MtNIlHCULK 

a Annie (pMuirn) '^ ritthf «»cen*ioii <4); phmie of nmximum (o, 6); antiie of defloxion of aur- 
face-wind from urwheni (o* i*); vorlhcient reUtmii lu entropy (*•); ipecific volume (r); 
coefikieril of aiHUffiitMin (U. 

/l l^pfte-rMtr of lempemfure (o); urndtent of euiwpitted held (o); angle due to frictiiiniil 

fune (i*)i ioefficieni trim mg t*i rnlrnpy (**); c^MsfRcient of alwiofplion (1); laiiiude (4). 

Y Hallo of *(wi»fic hratu (o. j, 1*); gradteni (i*); iem|>er«mre-gradicni (1); electric c<m- 
diiciivity C 4 *)« 

l*reiMiuf«- grad lent (i*|; velocity of gruilient-wind (i*); ypiy* therntal ciipadtiea per 

man* (i*h 

d Ikclinmion Ul; finite difference operator fi*. pninw); ratio of two ipccifk weighta (7)J 
a aiefhcirni of at’imirpiion (1); logarithmic decrement (i*). 

d Hyrtikil of tmrtial differentiaiton (poiitia). 

t Mf»dulu» of decay (o) ; a amall correction (1); ajarciBc gravity of water- vajKiur (t ); energy 

per tnaai (*•); change of tranilational molecular energy per 3*66 T* (t*); factor de- 
{lemiing on entropy (o). 

{ Vortkiiy (o); aentth dkiance (1*). 

ff Coefikient of viacottiy (3); emiaaiviry (i*)l abaorptance of atratum (** 1 ; efficiency (a*). 
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9 PoUr «»-ordin«lir, t-ur {fHtminS , i.i lmiiudr .h.i«mr «•. .-i* ii, 

а) ;t«nperHtuic »|i«.ilutc K*». |Milri.lwl irmiwiMuir. t.,f «>. n. 

tionof hcin (I*); tnii|*ciin»irr icilniiird »rtt. n 

Bf Virtunl tcmi»crmurc, \^r (t). 

I Iidily-tu«diKii\iiy »» litfHi wimU ti*), 

K C'ocificicm of i«ntIUill\H>» iHr (o. I. »), rlrtin* 

molecular UirlutiMiy (i*)i »ai»o «** •jiettlu lirau ai |ifr«uir ao.I 

(»•). 

A \Vav«-Ien«ih (o. a), Uttlmlr ti), (o. i*), «!«•«>• < i *1 

fA Micnm(l*, Artiiiail.ifulrxnf rcfruilioii Co. al. i«irliitK>tii **1 (j. in*** ..I 

\*i|xiur. waicr and uc |wr maM of aliiuMphpir Ci*l. ii*». im*o* 

Hfi Millimicnin (i*. fktsum)^ pKo- lo *• (j*) 

V ('ortfiurrit of xioionHy (l). ktortiiaiu (7 ), (jI, ii*a** *•! Inpinl 

per maw of atmonphrre (i*), 

{ Turhulmty (i*), 

ftVtC l>ep«riurrt »n uiHinlirwiM of |K*Mii«n ($) 
o Hddy- viicuiity ( t 

w Hatto of circumfcrrttce of nril« i« ciwiwier 

p l>«rwiry of air (o, t« i*. J« 7). ibwirpiiiin hamf Cj)« Cj*i. n* j*» 

or StefanV oonaunt (o, 1, i*. 1)* •urfai'e-thar^r Co, j. 1), •l»fc»fpi*.»o Uml u* »i«o«Utd 
deviation (0, 6); apedfic heat of air (of; ertlropy per mo** «»f •fifUMfiWi# i%*i 

r Aboorption band (i); period (o. 6); polenfiat femiieniiyre (i*! 

u Imemil energy per mnoa of aimnipherf (1*^). 

d Polar co-ordinaie, tw (poMfm). Utitude (o, t, 1*, af ; eefuib dMUoip <11. pH**c 

б) ; entropy* twr (o, a); entropy of liquid (a*); gnvity^pciieniCal cn, tvlnttiv pHeoiMtin 

X In theory of atirring (1*). 

^ Stream function (5); ratio of two preeourm (7); gravity .ptyienital (ifKtwi*4t«g upwattUi 
(t*); longitude (1). 

« Aboorption bond (a); angular velocity of the eertli'a mietitm (o. 1. t*) 
coi Angular acoeleration* var (1*), 



LIS r OF WORDS 


utwii in Hprcial srUHtn nr nnt \rt incnrponitvd in tin* New English 
Du tiimiity tiiut have liern liiinul cimvenivnt for the aivoidancc 
lit initntiulcrMtaiiilinij nr tor tlu* sake of brevity 

For Kinds (IntnuUictinn tti the iUtromvter Manual for the Use of 
Stamen) 

Geoitrophic wind ; that part ot the hortxontul component computed front 
the haromctric gradient which is ilepemlent on tite rotation of the earth. 

Cyclottrophic wind: iliai part of the liori>tontal component computed 
from the barometric Kratlieni which depends on the radius of the small circle 
represenlinK the direcli«in of motion of the air at the moment. 

Anabatic wind ((«rcek for wind kuihk upward); tlie motion of air on a 
sloiH- exposetl to the warming inthience of the sun. 

Katabatic wind (( Jreek for winti ft<>in); downward) : the downward motion 
of nir indcjtcndent of the barometric Kruiiient on a slope which is cooled by 
terrestrial radiation or by snow or Lt. 

For rate of variation of meteorological elements with height 

Lapaa-rate (Meletnoh^iral (ilotsary): rate of Iom with height — 
generally of temperature; in place of gradient which from its origin should 
mean the fall of temperature along a horizontal line, a quantity of some im- 
portance but not much used in practice. 

CounterlapM (Vol, iii); the reverse of lapse, the recovery of temperature 
with height, a atibstitutc for the won! inversion which is suggestive of some- 
thing " the wiring way up " unless the words " of vertical temperature gradient ” 
are included. 

For the specification of the atmosphere 
Millibur (V. Bjerknes); approximately one thousandth part of a “normal 
atmosphere,'' a multiple of the c,g,s unit in which all measures of pressure 
should be cxpressctl in the course of unavoidable “correction," whether the 
instrument be graduated (Mtensihly in inches or millimetres, as part of the 
comity of the physical sciences. 

Geodynamic metre (Upper Air Commission): s practical unit for the ex- 
prcMiun of gcopotcntial representing the "lift -effort" or enerpr required to 
lift unit mass from one point to another in the earth’s gravitational field. 

For the main divisions of the atmosphere 
Stratosphere (Teiaaerenc de Bort): the region of the atmosphere, beyond 
the troposphere, in which there is little change of temperature with height. 

( xxvii ) 



xxviii MST or 

Troposphere (TniwcrriU' ilr ll»r rrnmUKl llir liMiii ihr 

ground upwardH wiihm whuh there i» niit.il*U iluiij;e <•! irin|iri4(»iir «i«ti 
height, wunetiiiieH p*Mili\r Hiuiieliiiie* negator, tiiuling l■IV^4l<U ihr tniui <■! 
adiahntic change ft»r gaKemw air at ilie tfiipm'.iuM 

TropOpftUte (I ’m lla\vke,d/f/»trtw/«4'i«*</t*/'*"'0 » ) thr u gi "0 « l>u li ni 4 iW» 
the upper limit of the iropnapherr anil the lnwri hiiui '•! the •itai>«|»hrir 41 
which the lapac-ratc ul leiiipcralurc ahuwa a imiaMr iianaiiK'i) (foin a laigr 
poaitive value to one tt huh i« grneralK iiutigniluani aiul »i*inriHiic'» fr%ri*r«l 

In place of certain uses of the tcortl “ trmperaturr " ( I «/. /// ) 
Theimancy: to indicate the pro|Kri> ol a h«»di upon whuh thr rncip> oj 
ita radiation dependa, and which, in the ia«c ol a ga». i» a nuineiu al r»pfrM«.ii» 
of the tranalational kinetic eiicrgv* of the inoleiule* «oniainrii m omi n»a»» 
Ahaolutc temperature i« the ciiKtomar^’ espreMion. hot (hr M«fd ' irnij>ri 4 
turc" in claimed by tlume who "underatand it" ooU when ii i» r%pir»»r,| m 
degrees Fahrenheit or Centigrade. 

'I'hc thcrmancy of a gaa at the tcm|>rrutMre i*l »i f laii ••e r»pir»»r.l «iih 
close approximation aa a 7 .t ■ », which bnnga it into raav leUtion with the 
tahlea of physical cunslanta; oiherwiae the ihrrinant\ ol an at the lirr/ii»g 
point of water might Iw act at 1000. and an umveraai meaanrr iemj»riaiofe 
deduced from it, as aiiggcated by A. McAdie, In Vol lit the iheimano i» 
cxprcaaed provisionally as " temiteratiire on the irtirnie«imal Male " 

For the study of the thermodynamics of the atmosphere. 

Potential temperature (von Bexold); the tigure obtained when the «.!»• 
served temperature is "reduced'* by adiabatic proicM to a siaiulard prrMtire 
Potential pressure (Vot. in); the bgurv obiainetl when ilie olMerved 
pressure is " reduced " by adiabatic process to a atandaid temperature 
Megatemperature (Upper Air Commission) ; thr potential lemperaiure 
obtained by "reducing" the observed tempersiurc to "standard preworr " u( 
1000 mb. 

Tephigram (Vol. i): the curve, with temperature and enirt<f»\ as nc 
ordinates, which represents the condition of the environment traversed bv a 
sounding-balloon, an aeroplane, kite nr other means of rrc<irihng prroaurr 
and temperature. 

Dopegram (Vol. it); the curve on the same diagram, the trmpeniiure at any 
point of which represents the dew-point corresponding with the oame pnraaurr 
on the tephigram. 

Liability (Vol. tll) of the environment, indicated at a point of the trphi’ 
gram, expresses the amount of energy that might be developetl by tlic anion 
of the environment on unit mass of air at the point with the temperature and 
pressure of the environment and with a spenfied condition as to humidity 
Underworld (Vol. in): a portion of the earth's surface separated from the 
rest by intersection with an isentropic surface n'nag from its boundary. 


rin M* ii t'uriiius Hiiniiariiy hciwcrn mcttMiroIijjk^y and medicine which was 
i’\prni?4rd pnhapn in pant tinicH liy the astrnln^ical idcuH of the relation <if 
thr rniU rocnHin, the nriler «»f the universe, to tlu* microcosm^ the order of the 
Iniinan h*»d\ , In more recent liinen tlie anah^jL^y tinds recognition in various 
wavH. V. HjrrkncM, a natural philosopher, writes of the stmly of the inctcoro- 
lii>»»cal Hiuiation an '* diai'miHis/* and the precalculation of future states (of the 
atmosphere) as pri*j*nosiH/* Mr Kmiyard Kiplinjr made some play with the 
.tHirolo^ical meihoii of treatinjii; iliseases in a copyriji'lsl speech at a dinner of 
ilir Rtnal Sm ieiy of Meilicine, With the aOectatioit of omniscience which sits 
so cliarminj»ly *m the shoulders i»f a successful writer of fiction Mr Arnold 
Heimrfi* acieniuiiles the analovfV between meteomloj^y and medicine in a 
jirrtodual whiih has much larger circulation than that of meteorological 
discoveries. Hoth medicine and meteorology are of personal interest to 
evrr)hiHly; the ntitural cfmsetpience of tliis tmiversal interest is a gradation 
of the conirilmtionH which are offered for tlie presentation of either subject, 
lit almost mseiiHihle steps between treatment on the most rigorous scientific 
lines and cianpositions which amount to sheer ijuackery, whether conscious 
or unconscimis, I liese common characteristics of the two sciences are 
inciclrfital to a similarity which is of greater scientific interest. The meteoro- 
logist, m we have already pointed out, must take his facts as he finds them 
in the life-history of wratlier, and endeavour hv co-ordination and analysis 
i*> bring them into rchttinn with tlic laws of nature which physicists and 
chemists have elahonitnl ; iirul, in like manner, the student of medicine must 
take the facts and functions of the human hotly as he finds them in the life- 
hisiorj' of man, and bring them into relation with the same laws of nature, 
In both sciences the facts are subject to tite control of physical laws ; in either, 
cascn III similarity tnay occur; hut in neither can any occurrence be repeated, 
no matter how fret|iien!ly similarity may he observed. 

In that lies the essential difference lietween the observational and the 
eKprninrntal sciences. That part of the science of medicine which concerns 
itself vtith the physics* chemistry aiul dynamics of the human body is calleil 
physitilogy, and thereby is introduced a subtle distinction between the physics 
of a living organism and the experimental physics of a laboratory. 

Aerology is the special name, if anVi for the part of the science of meteoro- 
logy that deals with the control exercised over weather by the laws of physics, 
chemistry and dynamics; and it is well to keep in mind the essential difference 
between the sciences which are concerned entirely with experiment under 

* ".Mrn i»* utirnii? ktmw n*» minr wlwtui wj-mllril tnurasntc* iriiUU*r md ihv myntcriiitis 
ihrrnif itwn iliHiorn «lmui ihr IniiriMn iMidy, 'I’hr incril *»f thr bc»i *tf ihrtti, hkr 

thr mrni nf ihr l»r*i m ih«i ihry know they ticin'l know. A few know they never will 

know , which m sn rvrn arrairr merit/’ 

( 1 ) 
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'I'lIH 1 ‘IIYSKA!. I*K(KKSSIS «M W I Mill U 

the pcnwmjil omtrol «tl Uu- (*j«rjtur. .mil Jli'in- m rvpriiimm i.ui l>f 

used only to ilhwtratr .nul .m-ount Ini iil«Mt\.in.in 

WV mifjht iiulml Iwvi* protiud lu ilu- .iim 1 ->k\ to win. Ii Mr lun .Ii4wii 
intention by Kb'inK to thin \otuinr tin’ tnlr " I lir l'ln'*i<>l<ii;i <•! 
as dctiniiift tlu' attitmlf witiih nirtcoroloiiiHtH limi* to ailopi inwji.U i\p<ii 
mental physics. We li.ur felt liii\\r\ir that to ilo »<• luik'bt «l>' 

impression that we were prnpoHinu to «eK<n‘l wejihrr 4* tin i spirmioii 
a livinff oritanisni. Alllioimli the weathn ii.is ihaisiii ii»iii » tli4i 4ic 

dtlgfffHtive of vitality we have ihotighl it bi'»i «<< avnul llul nnpir*ni.in 
As far as may he. we desire to ijive an uisigln into the pbvimal pi.«r»*r» 
that arc operative in the control ot weather t)ur puniosr is m tail i<* ull 
the attention of the reader to the priKesscs whiih lan be fr»i>i*iu»r.l 4» 
physical, in the hope that he will he MiJluirnilv inteirsinl m seek l..i aov 
additional };uidance that he mav find nrtessjrv m the ir«o({iiisril inaiisr. ..n 
the different parts of the siibjeil The nihievenirnt of ifiat poij»<t»e ooplirs 
the selection of a miinherof subjects from the reiognisnlirvi ph\»Ms 

Our presentation mil) be inconiplelc and disjointed, and for that rras.in 4 
suggestion was made to define the siopr of the vohinu- willi the title ' Mi*. <1 
lanca physica," hut that was found to be nion inondiie tfian vvi*e 


WAVI -Ml H IMS 

The exposition of the subjection of the phrnoinrna of Mealliri t«. il»r 
control of physical laws begins (omeiiienllv with the tonsiderati.ui .<1 wave 
motion. Starting from the tulal wave whuh gets round the earth in alMuii 
twenty-five hoiini, a maximum speed at the ri|uaior of jK.ooo kiloinrirr* |iei 
day, and the visible waves of water which ina\ travel with a sjice.l <>l stnne 
1500 kilometrea per day and are indeed a natural tirinonstratioo of the 
mechanical energy of weather, we paM on to the suggestions of viavr motion 
of the same character in air, to the travel of sound and then to the tr«rption 
and diaptmal of the vast amounta of energy to waves rneivnl from tfir suo 
which form the basis «if alt the various aspects of the Seiemr of MriroK.l.tgv 
Among the common features of the atmosphere who h t ao hr 1 tird a* illo* 
tratitins of the laws anti prineipirs of physics few, d any. are more sttiking 
or more likely to excite curiosity than iIhmc whuh are loiurrnrtl vsiili liglii 
and sound. ‘I'he blue sky, the red sunset and sunrisr with ilinr iran»irot 
green ray, the lowering cloud with its silver lining, the sun diav*ing vtairr, 
the fieecy cloud w*ith its patch of iridescent tohnir, the mvsirrious halo, tfir 
mock 8un, the diatortion of the enormous orlw of the sun and moon at rising 
and setting, the crepuscular bands across the sky , and before all the ramlMo* 
with its message of hope for fine weather, the flash of lightning, the mvsirro>us 
roll of thunder, the roar of the rushing wind and the fickleness of disiaoi 
sounds are every man’s experience and the subjects of every man’s impiirv 
All these are regarded, by those who know, as Itrlonging in some form or 
other to wave-motion. In the intrcxluctory portion of volume 11 we have 
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tiispliM’d ii «»! tin* tundamcntal properties of waves, their wave- 

len>»lh *ir their trec|tieric> aiul the rate of travel. In that diagram very small 
spate iiuleeil uas allotted t«» the uuves winch arc held to account for the 
heh.oi**ur nt hj^lu and a space tifiy times as larji^c to (Jthcr waves electric 
\\a%eH, uhiih inusi he rej^artletl as iiulisiingnishablc from light-waves except 
lor the tad iliai the mechanism of our eyes is not adjusted to use them for 
seeing. All the uaves eiminerated in that diagram are regarded as being waves 
in the " arllier,** a medium wliich has lieen invented to account for the trans- 
iiitHsiufi of waves, Ui provide, as tlie late Lord Salisbury said, a nominative 
ease tor the verb to undulate/* Whether the aether has in fact a real existence 
or is a ligment ot scientilic imagination it is certain that the behaviour of light, 
vUiich is illustrated by the atmospheric phenomena that we have mentioned, 
has been explained mi»re clearly than by any other method as the behaviour 
of waves travelling with an absohUe velocity of nearly 200,000 miles a second, 
or 2t»,cxxj,cKx:i,ooo kilometres a ilav through an imponderable aether pervading 
space. We shall ask tlic reader to regard all tftc phenomena represented by 
that diagram as depending upon wave-motion, 

tl wc ionfinr our sneniioit in <»pnv«l phenmnena, the waves are iill-important and 
\\v dll nut htt%r m ion«uler anything else, hence we can he content with an undulatory 
fheutv: it we study the elrilrical pmperties we are cimeerned with the energy and 
may hr lunfettl with a utrpusi uhii one, where attention is concentrated on the carriers 
of the energy. (Sir J, *rhonison* ftryntui ihr C.lh Press, 192H, p. 25.) 

Sotuul, tiMi, is dchnitdy proved to travel as wave-motion, not in the im- 
ponderahlc aether hut in the mil almospherc. It is not quite the same kind 
ot wave-motion as that whicli is invoked to explain the behaviour of light, 
‘rhe record f»f sourul received and prc.scrved in the gramophone is a mechanical 
rffeci whereas the recortl of light which is preserved on a photographic plate 
is a chemical effect, d he actual propertiea of the motion which constitutes 
sound have been subject to more thorough investigation than the supposed 
motion of the aether ; and in cotiscquence physicists arc able to say with con- 
lulriRT that the (ravel of sound through the atmosphere is accounted for by 
the “elasticity of the air/* which provides facilities for oscillation ()f the 
particles aflecied, hackwanls and forwarils alternately, in the line of travel. 
White it is iravellmg. the sound consists of a succession of phases of alternate 
compression and rarefaction of the air, producing waves which have been 
made visible, at least photographically, by special contrivance. 1 hey travel 
at a speed which is proportional to the square root of the ratio t)t the elasticity 
of the air under very suiltlen comprcHsioii to its ilensily, 1 he elasticity in those 
circumstances is represented hy the familiar meteorological t|uantity pressure 
multiplied by a factor y which is the ratio of the two specific heats air 
(ill constant prt*«sure and constant volume respectively) and is equal to 1*40. 

’The velocity of travel of sound is in consecpicncc proportional to the square 
root of the temperature of the air traversed. At the ordinary icmperalure of 
the air aqott, it has the value of 342 m sec, 1121 feet per second, 30,000 kilo- 
metres per day. 

I 4 



4 THK PHYSICAL PROCKSSKS OK WKAriH R 

Wave-motion oiFcra the m«wt uiyatcrimiH vvtiinjilc'» «•! «iir u »i 
energy from one regitm tif the earth .ir ot the unnrtHr to auMth.i It\ 
i>r(»cea» at present imperfectly umhrHto...l a "Iran. ..I 'r« up in the 

tranamitting medium, aeismohigii.il waxes m the earth, lulal waxes oi giaxiix 
waves or compression waves in water ur air, i.apillarx xxaxes tit wain, eheiiu 
waves including light waves and other waxes ot similar iharaiin in the 
hypothetical medium o! transmission calleil the aether as sel oul in the diagiaiii 
of waves, fig. ii of vol. ll. 

By a train of xvaves we uiulerstand a siiceessiini of similar xxaxes l.iUnwing 
each other in rhythmical order with definite xehaiix along the surlaie ..I ihr 
earth or through its thickness, along the surface of water, along a surlaie oi 
discontinuity in the atmosphere, through the ainiosphere or ihrmigh spate 
The “shape” of the wave travels along its niediutit with an appropnate 
velocity, while any particle that has taken part and is taking pan in the iians- 
mission dcscrilxcs'aii “orhit" which it repeats as the simessixe waxes ..I the 
train affect it. Where the iiiediuni is iinitorni in all direiiiniis the iiaiisiiussioii 
is in straight lines, where the iiievliiiiii is xarinl a heiid lakes plaie, loniinuoiis 
variation in the medium means curvature in the hue of iraiisniissnui \ suilai r 
of discontinuity involves transmission along the surlaie, perhaps all rmind the 
earth. No energy is spent in the transnuttmg ninhiini when the tram is oiu e 
established except that which is represented hv the ellni of inimial Iruin'ii 
(viscosity) of the medium, if any. The energy of the xxaxe is passed on Irom 
particle to particle in a manner xvhich is tjiiite easily desc rilieil hut l»x no inrans 
easily explained, 

I’hc orbit of a particle which is taking part in the tranwntiaion max be 
simple or complicated. 'I'lie simplest orbit is that of w’aves of aoiinil tbrough 
air of uniform composition and temperature. In that case the partule allri ted 
oscillates backwards and forwards along the straight line of iransnuMion the 
waves arc then called longitmlinal. Urngiiiulinal waves occur in other 
“ elastic " media, such as earth or water; a aeparalr law of transmission applies 
to each kind of elasticity, longitudinal or iransvrmr l.ighi waxes also exhibit 
phenomena corresponding with simple linear trscillaiion hut iratisxerse to ibr 
line of transmission instead of being along the line 'Hie nioiion of ibe par- 
ticles in light is regarded as analyaablc into I'ornponrnl om illations at rigbi 
angles to each other anil to the direction of motion of the wave ‘Khe orbii 
may therefore be rectilinear, when the two componrnla have the same phase , 
or it may be circular or elliptic, when the phases of the component mw illations 
are not identical. 

PoiarisatioH 


Some substances like tourmaline or Nicol prisma have the mnarkabir 
property of “polarising” light, i.e. of being transparent in one position and 
quite opaque in another position for light which haa passed already through 
one plate or prism. Allowing that in ordinary light the “ particles ” of the 
incident beam have an elliptical orbit, thia astonishing property is explained 
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!iy Huppiminjy the tirst plate to he transparent to the component along one line 
arul f»p.u|ur to the ci»nip*inent at right angles thereto, so tinit what falls upon 
the srtniul plate is alreaily in reetiliiu*ar vihratituu I-ight which is transmitted 
hs partules m reetilinear vii>ration is said to he “plane polarised*’ a name 
that stuks. ihongli linear polarisation would probably express the idea better; 
hut light uiih eomp<inrnis at right angles may he elUptically polarised, 
cirvularlv polansnl nr plane pfilarised, the iiHition l)eing in every caseconfineil 
to a plane at riglii angles to the line of transmission. Ordinary light may he 
reganleil as eonsisling <if a discontinuous succession of trains ot waves repre- 
senting successive ipiania of energy, each train being separately unrestricted 
as to the orbits of its particles. Polarisatitm is exhibited only by light waves 
alter they have been passed through some filtering medium that absorbs all 
the energy except that c<irresp«jnding witli the linear oscillation which the 
filtering medium can transmit. 

The particles of gravity-waves in water or air may also luive elliptical orbits 
hut ill that case one of the components is longitudinal, i.e. in the direction of 
motion, aiul the other vertical, 

Hrrfihhfftr IntnsmisUfiH of ewerifv hy tvarrs tmtl the low 
of iftvrnr squore 

One of the most striking featnreji of wave-motion is the transmission of the 
eiierg)* in straight lines. 'The shadows fornunl hy opaque objects in a beam of 
sunlight are the iii«»st familiar example. In fact in accordance with modern 
views a siraiglit line might lie tiefnied as the path of a licam of light, although 
there are eases in vi'hicli the unsophisticateil reader may have some difficulty 
in reconciling it with wluit he understands hy the shortest distance between 
two points. From that principle, assuming that the medium of transmission 
is perfectly uniform, we may easily uiulcrstand that the energy of any iorm 
of wave»motion originating in a point will spread out into a sphere with the 
point as centre and with a radius which increases with the velocity of trans- 
mission, just as though the energy helongcil to a limited number of material 
particles pr«ijrcteil in all directions from the jioint with the velocity appro- 
priate to wave-motion in the medium, *rhus the intensity of the energy per 
unit .if area at any distance is like the force of gravity inversely proportional 
to the si|uare of the disiance from the piiint of origin. 

Tluil such a distrilmtion is possible with energy that is expressed as wave- 
motion can be inferred hy watching the spreatl of weaves which originate from 
the point of disturbance of w'ater caused hy tlropping ast«me in an undisturbed 
surface. In order that the experiment may properly illustrate the principle 
there must be no obstacle in the path of any part of the advancing wave. An 
obstacle in the way spoils the regularity of the advance in its immediate 
neighhourluKKl and part of the energy is devoted to disturbing the medium 
behind the obstacle. 

A proper undulatory theory takes account of such secondary disturbances, 
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they are included under the name of diffraction ; the theory claims that the 
front of the wave can be regarded as made up of an infinite number of in- 
dependent elements of disturbance each distributing its energy in independent 
wavelets, and is able to show that if the energy sent out by any element, at 
any angle 6 from the normal to the wave-front, is related to the energy sent 
out along the normal by the factor cos 9 , the combined effect of all the elements 
of the complete wave-front is the same as if the energy were all transmitted 
in straight lines with the inverse square law. The proposition of the rectilinear 
propagation of wave-motion is an essential part of the undulatory theory of 
light. The setting out of the proposition will be found in any account of the 
undulatory theory; reference may be made to Glazeb rook’s Physical Optics^, 
The proposition is not limited to light but applies to wave-motion in general. 
Any form of wave-motion will furnish illustrations of the rectilinear pro- 
pagation of energy and the diffraction caused by obstacles. 

The reconciliation of the undulatory theory and diffraction with the trans- 
mission of light in straight lines and orderly reflexion and refraction is a step 
of far-reaching importance towards the apprehension of the physical nature 
of the universe. It justifies us in associating together the breakers on Land’s 
End, the crimson glow of a cloud in the evening sky and the invisible waves 
which, without any leave asked or given, pass through our homes and our 
bodies and by licence of the postmaster-general convey to us the prospects 
of to-morrow’s weather — it enables us to treat all these things either as bundles 
of rays suggestive of corpuscular travel or as the effect of a train of wave- 
fronts with all the incidental consequences of diffraction, and we can, if we 
are so disposed, pursue the idea to the ramification of the tidal wave in an 
estuary a hundred miles from the sea. In the wave-motion last mentioned it 
is the energy conveyed by the travel of material that arrests our attention and 
reminds us that at both ends of the scale beyond the range of the ordinary 
sea-wave at one end and beyond the electron at the other the transference of 
energy is corpuscular, but in the open medium the motion is undulatory. 

The most typical representation of wave-motion is the sine-curve in which 
ordinates at successive equal intervals from the starting-point correspond with 
the sines of angles with equal increment; the full angle of 360° corresponding 
with the length of the wave. We have already indicated in chap, xiii of vol. I 
the importance of the sine-curve in the analysis of the sequence of events, and 
there is no department of the science of meteorology for which the compre- 
hension of a sine-curve is not required. 

The sine-curve is the best illustration of the regular transmission of a shape 
as wave-motion : the shape transmitted in that case is the curve representing 
the fundamental component in harmonic analysis and is related to the 
horizontal or vertical displacement of a particle which describes a circle with 
uniform angular velocity. But the shape transmitted need not be and indeed 
seldom is a simple sine-curve. Harmonic analysis on Fourier’s theorem enables 
us to resolve into a series of sine-curves of related periods, any shape whatever 
^ Text-hooks of Science, Longmans, Green and Co., London, 1883, chap. ii. 



COMPOUND INTEREST 


7 


that is repeated after a definite interval. The shape need not even be expressed 
by any finite number of harmonics. An almost infinite variety of shapes can 
be transmitted as wave-motion in a beam of sunlight in which the separate 
periods can be identified by suitable apparatus. When therefore we talk about 
a train of waves as represented by a sine-curve it should be understood that we 
are using the simplest form not because that is the most frequent or the most 
likely but because it presents the least difficulty in algebraical computation. 

While we are thinking of changes which are represented by wave-motion 
and their laws we may take the opportunity of reminding the reader of the 
other type of change which is to be found all over the universe, namely, 
exponential change, the basis of the law of compound interest. For example, 
in the atmosphere when the temperature is uniform, pressure is proportional 
to where z is the height, and to where E is the entropy, and in 

similar conditions specific volume is proportional to 

Between this logarithmic change with its perpetually increasing or diminish- 
ing value and cyclical change represented by the variations in the sine and 
cosine there is a curious association which is represented algebraically by the 
effect of the mysterious symbol V — i . 

Thus as t increases e”^ is a continuously increasing quantity and e"“Ms a 
continuously decreasing quantity, e* + e““^ is the sum of two quantities one of 
which increases and the other decreases, but is a periodic 

quantity, namely 2cos/, and jV — i is also a periodic 

quantity, namely 2 sin t. 

We can take the reader a step farther and combine the two expressions 
withoutmuch effort. .4e'(e*^“'* — /z V — i will represent the “plane 

polarised” motion of a particle in the path of a train of waves when the 
amplitude of vibration Ae^ is gradually increasing beyond any possible limit, 
and^e“*(e^'^^“‘* — e”''^”^)/2'\/ — i represents the same kind of motion which 
is gradually fading or decreasing in amplitude though it will take an infinity 
of time to reduce it actually to zero. So A(e^ — e”*) e""‘'^"^)/2V— i 

represents two trains of waves in opposite phase passing the affected particle 
in the same direction, one increasing in amplitude without limit and the other 
fading. Increasing without limit is not a common occurrence but fading in 
periodic motion is common enough. The indicates what is called a co- 
efficient of damping because the quantity affected by it is fading all the time. 
Curiously enough in all these calculations e is a number which cannot be 
expressed by a finite number of figures in the ordinary decimal notation, though 
it is indispensable for the construction of a table of logarithms. To the third 
place of decimals it is 2718. 

Wave-motion introduces us to the transference of energy and in that 
connexion we shall ask the reader’s attention also to the logarithmic laws 
when we come to the relation of physical quantities to one another and their 
common relation to entropy which is of fundamental importance in the 
consideration of the energy of atmospheric changes. 
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THE PHYSICS OF THE ATMOSPHERE 

Thus by the study of wave-motion in its simplicity or its complexity we 
are brought into quantitative relation with the general physical problem of the 
atmosphere, and the tracing of the transformations of energy in the sequence 
of the phenomena of weather. For that we require a working acquaintance 
with the application of the laws of thermodynamics to the various conditions 
of the atmosphere. We have taken the opportunity to put together the re- 
lations of the physical properties of the atmosphere to entropy and temperature 
in a form which enables us to set out the liability of the atmosphere at any 
time in respect of energy as disclosed by the results obtained from soundings 
by balloon. 

We shall claim that the physical processes of weather are fairly well under- 
stood and from that point of view our knowledge of the physics of the atmo- 
sphere is generally sufficient for meteorological purposes. Having explored 
that province we shall take the opportunity of pointing out, as the conclusion 
of this volume, the bearing of some of our knowledge on the still unsolved 
problem of the general circulation. We are obliged to confess that our know- 
ledge of the dynamics of the atmosphere is imperfect, singularly unaesthetic 
in its form and inadequate in its scope. The subject is really waiting for a 
novum organum. 

There will remain for us therefore the examination of the methods for 
expressing the dynamical processes that are operative under the physical laws 
which this volume brings to account. 

Some of the results of dynamical reasoning to which we have to call atten- 
tion are already included in the volume which was published ten years ago 
as Part iv. Some prefatory chapters on the dynamical methods and some 
additional matter on the results of current dynamical theory in a new issue 
of that part as voL iv will complete our representation of the subject. 


The compilation of a volume so miscellaneous as the present one 
necessarily levies contributions from many authors. A large amount of 
information is naturally derived from the past issues of the recognised 
meteorological journals, the Meteorologische Zeitschrift, the Journal of the 
Royal Meteorological Society ^ the Monthly Weather Review and the Meteoro- 
logical Magazine] and to these we must add the Smithsonian Physical 
Tables and the Annals of the Astrophysical Observatory of that Institution, 
the Meteorological Glossary and the Dictionary of Applied Physics, The 
principle upon which the structure rests is that it is best, so far as possible, 
to give an original author's own words and references to the source from 
which they have been derived. It is hoped that the references will not only 
be accepted as an acknowledgment by -^e author of his obligations for con- 
tributions to our common stock of knowledge, but also serve as an invitation 
to the reader to satisfy the natural desire for further information. 
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In addition to these obligations the author gladly acknowledges the assist- 
ance which he has received from friends who have read the work in proof ; 
Sir Richard Glazebrook and Mr Sidney Skinner, colleagues for many years 
in the teaching of practical physics at Cambridge; Mr R. G. K. Lempfert, 
the first of a series of personal assistants at the Meteorological Office; 
Mr D. Brunt and Commander L. G. Garbett, R.N., associates in a later 
effort at the Imperial College of Science and Technology to represent for 
a class of students the application of physical laws and principles in the 
atmosphere. 

In the suggestions which have arisen in the discussion of the text with one 
or other of these friends there has emerged a feeling of uncertainty as to the 
class of readers to whom this volume is offered. It is not a text-book of physics, 
nor yet a text-book of meteorology which assumes all physics and its auxiliary 
mathematics as the common possession of author and readers. Some things 
which cannot be regarded as easy are assumed and some that are not difficult 
are expounded. 

Acknowledging the impeachment the author would plead that his purpose 
in writing is not that of the text-book writer, which maybe succinctly described 
as saving his readers as far as possible the trouble of thinking, by going through 
that process for them; but to suggest that, comprised within the almost 
unpronounceable name of meteorology, there are a large number of subjects 
that readers will find quite interesting and worth their while to think about, 
and to indicate to them at least where and how food for thought can be found. 
Within the last half-century the pursuit of meteorology as a science has been 
to some extent accepted as a responsibility of government, and the amateur 
has to the same extent been exonerated from supplying the material for the 
study of the atmosphere of the globe. As may be gathered from vol. ii of 
this Manual, students of the subject have become aware of the gradual and 
orderly compilation of a vast multitude of data, but the opportunities of 
thinking about them have not been extended equally with the material to be 
thought about, and part at least of the responsibility of converting scientific 
data into science still remains for the amateur or the leisured hours of the 
official. 

Nature as represented in weather is a little intolerant of organisation and 
classification and some parts of the subject, for example the stereography 
or the kinematography of clouds, belong to no official routine and offer an 
invitation to the enthusiastic amateur. There are many others which will 
suggest themselves to those who think about what has already been achieved, 
and this volume is in fact addressed to those who agree that “the books that 
help you most are those that make you -think most.” 



CHAPTER I 

GRAVITY-WAVES IN WATER AND AIR 


The tides at this place [Funchal] flow at the full and change of the moon, north and south; the spring tides rise 
seven feet perpendicular, and the neap-tides four. {The Voyages of Captain Javies Cook, London, 1842*) 

LUNAR TIDE ON THE EQUILIBRIUM THEORY 






Fig. I . Adapted from fig. 29 of Sir G. H. Darwin’s Tides^ London, John Murray, 1898 . 
The distribution of the displacement of the surface of a shell of deep water covering 
both hemispheres, computed for a tidal wave according to the equilibrium theory, 
adapted to the mode of circumpolar representation employed in this Manual for the 
distribution of temperature, pressure, etc. 

Continuous curves indicate elevation of the water, interrupted curves depression. 

The effect represented is the heaping up of water round a centre, marked by a dot 
in lat. 15° N immediately over which the influencing body (the moon) is supposed 
to be. 

Counting as 2 the vertical elevation of the water at that point, concentric “small 
circles ” round the central point show the positions of elevations measuring successively 
li, I, 4 , o, four curves of continuous line. The last which marks the circle of no dis- 
placernent is a thicker line. Beyond that, represented by interrupted lines, are suc- 
cessively the circles of depression of J and i (the maximum depression) and again 
of J, a step towards another thick line for the second circle of no displacement. The 
incomplete curves of the one hemisphere are completed in the opposite hemisphere, 
the circles of elevation being centred at a point 15° S where the elevation is also 2, 
the antipodes of the first. 

The profile of the wave (greatly exaggerated) along latitude 15° N is shown by the 
ovals surrounding the hemispheres — the elevated part is blackened. In order to realise 
the full effect of the displacement the oval curve with its protuberances must be thought 
of as rotated about its long axis. 

For reasons which are explained in Sir G. Darwin’s work the distribution of tidal 
water in this hypothetical wave does not agree with that of the observed tides in the 
open oceans. 

The reader will find some interesting information on the subject of the equilibrium 
tide and its transformation into tidal waves on shore and in estuaries in a letter by 
A. Mallock, Nature, yol. cxxiii, 1929, p- 640, and in the works of G. I. Taylor or 
H. Jeffreys on tidal friction in shallow seas. 
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The first form of wave-motion which we shall consider is that of 
water-waves. Water-waves are interesting because even the unaided eye 
can see something of what is going on in the process. The water-wave is 
indeed the starting-point of all scientific ideas of wave-motion, and by way 
of fixing those ideas in the memory we will remind our readers of some of 
the salient features of the water-wave. It is the more natural to do so because 
in many cases wave-motion in water is due to wind blowing along the surface, 
and wind blowing along water can be regarded as an example of a current of 
light fluid, air, passing over a heavy fluid, water; the difference of density 
of the two fluids is so great that except for some minor effects each fluid 
keeps its relative position; but there is no essential dynamical difference 
between the effect of air moving over water and that of an upper layer of 
light warm air moving over a lower layer of heavy cold air. In that case also 
waves like water-waves will be set up in each layer. They are quite different 
from sound-waves. Modern meteorology has to take account of such waves. 
It is partly for that reason that water-waves are brought here within our 
cognisance, but also partly because we can learn from the behaviour of water- 
waves in the neighbourhood of obstacles something about waves of light, 
and about such meteorological features as the transparency of the air, the 
translucency of mist and the opacity of other forms of matter. 

The waves between air and water or between two layers of air are called 

gravity-waves ” because the force which controls their behaviour is the force 
of gravity upon the heap of water or air in the protuberant part of the wave. 

The most conspicuous example of the gravity- wave is the tidal wave (fig. i) 
which is caused by the differential effect of the attraction of the sun and 
moon, in successive phases of the moon, upon the rotating earth, and upon the 
water which lies upon it. In the open ocean it is expressed by a deformation 
of the surface of the water with a protuberance under the moon and its 
antipodes. In the more enclosed sea-basins the periodical heaping becomes 
the ebb and flow of a tidal wave, known on all shores, which, with an 
allowance for lag, keeps time with the moon and goes through its period in 
approximately hours. 

Anyone who wishes to realise the power of human ingenuity and per- 
severance to unravel the mysteries of nature would be well advised to make 
some daily observations upon the ebb and flow of the tide and the variation 
in its range when he has the opportunity of spending a month or two at any 
point on the. British coasts. He can then trace for himself the process of 
associating the familiar habit of the tide with the period of the moon’s phase 
on the meridian, approximately 25 hours. He can trace also the fortnightly 
change from spring tides with their extremes of high and low water, to neap 
tides with lowest high water and highest low water, and back again, and its 
association with the sun’s period of 24 hours. He may find therein a fascinating 
example of the amplitude of oscillation due to the combination of two oscil- 
lations of nearly equal period which, in the study of wave-motion, results in 
what are known as beats. He may find further interest in tracing the behaviour 
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of the tides at different points of the coast and trace the influence of the tidal 
streams which derive their energy from the tidal waves of the ocean. 

The ordinary sea-waves that are caused by the wind have periods which are 
measured in seconds not in hours. Scientific people draw a distinction between 
waves of that kind and the ripples which belong to the ruffling of the surface 
of water by the wind. We shall not pursue the inquiry in that direction because, 
so far as we know, there is nothing between two layers of the atmosphere 
which corresponds with ripples on water. There are clouds which look like 
a rippled surface of water, and are sometimes called ripple-clouds, but from 
the point of view of experimental physics the appearance in the cloud is 
regarded as due to gravity- waves not ripples in the technical sense. The 
driving-force of true ripples is the peculiar feature of a bounding surface of 
water called surface-tension which causes a water-drop to be spherical, and 
also causes water to rise automatically in a capillary tube. We do not recognise 
any surface-tension between adjacent layers of air. 

And yet we may use the occasion of the mention of ripples to remark that 
one of the peculiarities of wave-motion is the faculty which water has of 
carrying two or more kinds of waves simultaneously almost completely 
independent the one of the other. All kinds of trains of waves may be 
seen travelling along the sea-surface, each train keeping its identity un- 
impaired, a ground swell, a cross swell, wind-waves, reflected waves, and 
ripples, may all be seen making use of the same water. No doubt any particle 
of water can only be moving in one direction at one time, but the motion which 
represents the result of the several trains of waves is compounded to give a 
resultant motion by which .each particle may be said to bear its part in each 
one of the component motions. 

The combination of the movements of a particle under the simultaneous 
influence of a number of trains of waves is the basis of the principle of inter- 
ference which is a fundamental principle of the undulatory theory of light. 
Interference in this sense can be seen in water-waves. 

Interference (which one might be disposed to call non-interference) is 
characteristic of all forms of wave-motion, particularly of sound and light . 
The owner of a gramophone knows that the air can carry many sounds simul- 
taneously and deliver each as though the rest were not there. In transmitting 
the sounds which constitute orchestral music the motion of the particles is 
far too complicated for description ; but it exists, and the identity of each vibra- 
tion transmitted thereby is unimpaired. It can be picked out to the exclusion 
of others by suitable apparatus. Similarly a beam of sunlight is a combination 
of an almost unlimited number of different waves each preserving its identity. 

It is this preservation of identity in the complication of wave-motion which 
is the sustaining idea of the analysis of atmospheric changes into harmonic 
components to which reference has already been made; it is only a reader 
acquainted with the physical experience of the complication of waves who 
can be expected to have the patience necessary for pursuing a hypothetical 
period in a chronological series of figures. 
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The properties of water-waves which we wish the reader to have in mind 
are first the characteristic features of the motion of a particle which is affected 
by a train of waves, secondly the velocity of travel and thirdly the behaviour 
of waves which pass obstacles in their path. 

We shall speak of trains of waves supposing each wave to be exactly like 
its predecessor and its successor. That, of course, can never be exactly true, 
the waves are either developing or decaying, and each individual wave is 
somewhat different from the others; but at sea, or even near the shore, the 
waves succeed one another with such apparent regularity that it is easy to 
think about a train of invariable waves. Watching a train of deep-sea waves 
we cannot fail to recognise the elevation of the water into ridges and furrows, 
the separation of either of which marks the wave-length; the height of the 
ridges above the furrows marks the height of the wave, and the rate of 
apparent motion the velocity of travel. As with all other waves the wave- 
length A, the speed V, and the period r of the cycle in seconds or its 
reciprocal the frequency n, i.e. the number of cycles in unit time, are related 
by the simple formulae 

A=Vt, An-V. 

The things that are less easy to mark are the height and the shape of the 
surface as the wave travels, and the relationship between the two. They have 
been the subject of careful scrutiny for more than a century. 

Hitherto when we have made any reference to wave-motion we have 
assumed that a travelling wave could be regarded as the result of ^‘simple 
harmonic motion” and its profile represented by a sine-curve with the 
equation 

z^B cos (x - Yt) 

or a combination of harmonics of that kind. Ordinary water-waves cannot 
be so regarded. The ridges are steeper than the bend of a sine-curve and the 
furrows are more nearly flat. The undisturbed level is less than half of the 
way up from the bottom of the furrow to the top of the ridge. Moreover the 
particles, when they are transmitting the wave, do not move backwards and 
forwards in straight lines but describe closed curves, — circles or ovals. A satis- 
factory representation of the profiles of water-waves has been found in the 
shapes of the curves traced out by a point on the spoke of a rolling wheel and 
called by the family name of trochoid. Their shapes vary between that traced 
out by a point on the circumference of the rolling circle, which is known as 
the cycloid, and the straight line traced by the centre of the rolling circle. 

Subject to some uncertainty due to the rotational character of the motion 
the accepted view of the nature of sea- waves is that due to F. J. von Gerstner"*-, 


^ Horace Lamb, Hydrodynamics^ Cambridge University Press, 4th edition, 1916, p. 412. 
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professor of mathematics at Prague 1789-1823, who wrote in the first years of 
the nineteenth century, and Rankine who belonged to the middle of the same 
century. It supposes that each of the particles which constitute a deep-sea 
wave describes in its turn a circular or elliptic orbit, and describes the same 
orbit time after time as successive waves pass over ; the shape of the surface 

THE TRAVEL OF A WATER-WAVE 



Fig. 2. A representation of the progress of a water-wave on the trochoidal theory of 
vonGerstner. (From Report of the British Association^ 1844, London, 1845.) The 
trochoid for the surface is shown by the thick wavy line. The travel of the wave is 
from right to left. T}ie rolling circle (the same in diameter A/tt for each layer) is shown 
by the thick circle with an interrupted circumference, the level of undisturbed water 
by its centre. The travel of the wave is controlled by the roll of the circle from right to 
left, the orbit of a point in the surface is shown by the smaller concentric circle which 
is repeated in the panel on the right. 

Eachparticletakesthesametime to complete one revolution in its orbit. The elevation 
and dei)ression of a particle of the water during the travel of the wave are controlled by 
the radius of the particle’s orbit. 

One step in the process of travel of the wave in the surface is marked by the change 
from the initial positions PP . . . to the positions QQ ... by equal steps in the rotation 
of the particles indicated. 

The progression of the wave at any level below the surface is carried out by rotation 
of the particle in a smaller circle. 

The chequered figure on the left shows the distortion of the water in a vertical 
section. 

Above the thick line which is supposed to mark the surface are two other surfaces 
which might be developed by the persistent action of the wind. The upper line repre- 
sents the maximum height which a wave of that particular length can reach : if urged 
beyond that limit the wave must break. 

To construct the curve of deformation for the layer at any given undisturbed level, 
take a point at that level as centre, draw the rolling circle by drawing a circle with the 
fixed length of radius, A/air, proper for the wave-length and velocity. On the vertical 
radius mark a point distant from the centre to indicate the amplitude appropriate to 
the depth. Set the rolling circle through a revolution with the selected point on the 
radius as a tracing point. 


is defined by the difference of position of the successive particles in their 
orbits for any position of the wave. The actual curve of displacement of each 
layer of water for a wave with circular orbit is called a trochoid and is that 
described by a point on the spoke of a wheel which is supposed to roll along 
a line JX/w above the surface of the water or of one of the layers beneath of 
which the motion is sought. The centre of the rolling circle is in the surface 
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of the undisturbed water or of the undisturbed layer beneath ; its circum- 
ference is the length of the wave, and the position of the point on the spoke 
is at a radius equal to the amplitude of the wave, that is one-half of the 
difference of level between crest and trough. 

The travel is simply a matter of appearance due to the fact that the orbits 
of successive particles are so timed that each reaches the extreme of its 
amplitude in its turn, and in consequence the shape at the surface does actually 
travel with a definite speed although the particles which form it simply de- 
scribe circles. 

The motion is not entirely confined to the surface. Clearly the surface could 
not be depressed to the shape of the wave unless provision were made for 
disposing of the water displaced. The provision indicated is that each of the 
particles in any vertical describes an orbit the radius of which diminishes 
with the depth and becomes insensible at great depths. Hence each separate 
layer has its own trochoidal surface. 

The motion of a particle under the influence of a train of waves of unchanging 
form which travels along the line x is 

X - A cos ™ (x — Vi), 
z==Bsm^~(x- Vt), 

where x is the horizontal and z the vertical displacement of the particle, A is the 
wave-length, t the time at which the displacements are x z, A the amplitude of the 
horizontal oscillation, B that of the vertical oscillation. In the conventional trochoidal 
wave the two amplitudes A and B are equal. The cyclic frequency n per second is 
the reciprocal of r, the number of seconds in a complete period. It is evident that if 
we substitute iov x,x + A, and for t, t -hr, nothing is changed, if A — Vt or n = V/A. 

In the consideration of sea- waves the sea is deep, and the waves are called 
deep-sea waves, if the wave-length is “small compared with the depth.’’ The 
water will certainly be deep if the wave-length is only a tenth or twentieth of 
the depth. 

With deep-sea waves, although the relation A = V/n holds, the velocity of 
travel V is different for waves of different length, the longer waves travelling 
faster than the shorter; the relation between wave-length and velocity has 
been expressed by a formula == gXjzw which is applicable when the length 
of the wave is negligible compared with the depth of the sea in which the 
wave travels. A table of velocity in relation to wave-length expressing the 
formula is given below. The meaning of group-velocity is given later. 


Wave-length in deep 


sea 

5 

10 

25 

SO 

100 

150 

200 

250 

300 

metres 

Wave-period 

1*8 

S '5 

4-0 

5*7 

8*0 

9-8 

II -3 

12*7 

I 3'9 

sec 

Velocity of individual 
waves 

2*8 

3*9 

6*2 

8-8 

I2-S 

iS ’3 

17*7 

19-8 

21*6 

m/sec 

Velocity of the dis- 
turbance or ‘ group * 

1-4 

2*0 

3-1 

4*4 

6-2 

7-6 

8-8 

9*9 

10-8 

m/sec 
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The energy of waves 

We may form an estimate of the energy of a train of waves, assuming its 
profile to be a curve of cosines represented by the formula 

!s = Bcos^{x-Yt), 

from which it follows that the total energy of “ motion ” for a complete wave- 
length is IgpB^X ; and as the energy of motion is equal to the potential energy 
of gravitation due to displacement from the position of equilibrium, the total 
energy of the wave is ^gpB^X. On that understanding a section, a metre in 
width, of a water-wave with a difference of three metres between crest and 
hollow (amplitude 1-5 m) and a length of 30 metres would have an energy of 
3*3 X 10^^ ergs, about 33 metre-tonnes. Thirty such waves, a kilometre in 
width, would have energy equivalent to lo^*^ ergs or io^° joules, which we have 
assigned in the table on p. xl of volume ii as the normal equivalent of a flash 
of lightning. 

When a deep-sea wave approaches the land along a shelving shore the motion 
is retarded at the bottom and the comparatively harmless energy of the wave- 
motion is transformed into the destructive energy of a moving mass of water 
in the breaking wave, which on occasion plays great havoc with the structures 
of the coast-line. 

In favourable circumstances the energy expressed by great water-waves 
is very formidable. ^‘At Peterhead, as an example, blocks of wall weighing 
41 tons each have been thrown out of position, though no less than 37 ft 
below low-tide mark, and in the same section of blockwork a portion weighing 
3300 tons was once shifted two inches without being broken.^’ (R. L. Hadfield, 
Daily News and Westminster Gazette^ 12 April 1928.) 

It must be remarked that with the exception of tidal waves which are 
regularly periodic, and seismic waves which are few, the energy of water- 
waves is due to the action of the wind. It is a striking example of the gradual 
accumulation of energy to produce a force far greater than any that was 
exerted by the energy in its original form. 

It will be evident that the elaborate structure of a wave of water cannot be 
created instantaneously, it has to be developed by repeated intensification of 
an original disturbance. 

The rollers of Ascension 

The most celebrated examples of trains of waves coming from a great 
distance and developing a devastating energy upon an exposed roadstead are 
afforded by the rollers of Ascension and St Helena where on occasions they 
form colossal breakers. 

From the account given by Dr Otto KriimmeP it appears that the worst 
manifestations occur within the northern winter, December to April, when 
the North Atlantic is most subject to difference of temperature of sea and air. 

1 Handbuchder Ozeanographie, Band ii, z Aufl., Stuttgart, 1911, S. 1 15. 
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They come from the north-west and strike without hindrance the roadsteads 
on the north-west side of the islands. In the southern winter they come from 
the south-west and are less strong. With the finest weather and no wind they 
may break with such force that houses are shaken to their foundations, and 
in earlier times loss of ships was very frequent. In February 1846 a large 
number of slave-ships anchored near the land were destroyed. Ships anchored 
in water deeper than 10 fathoms were uninjured but powerless witnesses of 
the destruction. The relative monthly frequency of rollers and of north- 
westerly storms in the North Atlantic, each referred to 100 for the month of 
maximum, is as follows ; 

July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June 

Rollers ... 3 2 i 7 25 43 62 100 40 9 i 5 

NW storms 2 5 iS 23 45 90 100 68 65 35 8 2 

Similar phenomena are observed at Fernando Noronha, Angola and at 
Tristan da Cunha and various points on the shores of Africa. 

The rollers at Ascension are thus described by Mr W. H. B. Webster, Surgeon 
of H.M.S. Chanticleer y 1829: 

“ One of the most interesting phenomena at Ascension are the rollers ; in other words, 
a heavy swell producing a high surf on the leeward shores of the island, occurring 
without any apparent cause. All is tranquil in the distance, the sea-breeze scarcely 
ripples the surface of the water, when a high swelling wave is suddenly observed 
rolling towards the island. At first it appears to move slowly forward, till at length 
it breaks on the outer reefs. The swell then increases, wave urges on wave, until it 
reaches the beach, where it bursts with tremendous fury.’^ 

(^Africa Pilot y Part n, sixth edition, 1910, p. 2C9, Hydrographic Office, Admiralty.) 

A somewhat similar description is given by A. R. Wallace of heavy breakers 
in the bay or roadstead of Ampanam in the Lombok strait, near Java, and 
Humboldt describes the sudden invasion of the generally peaceful coast of 
Peru by a dangerous swell with waves 3 or 4 metres high. Similar phenomena 
are observed on the coast of Sumatra, and at Paumotu, Low Archipelago, 
on the south-west side. 

These are examples of the transference of the energy of wind over vast 
distances by waves. The waves which develop into rollers are deep-sea waves 
the properties of which have been the subject of successful theoretical in- 
vestigation by G. G. Stokes^ and others. They form a normal section of the 
text-books of hydrodynamics. We may conclude that the amplitude of the 
orbit of the particles of water, the motion of which forms the wave, diminishes 
with the depth according to the logarithmic law that equal fractions of the 
amplitude are lost for successively equal steps in depth ; thus the amplitude 
at a depth of one-ninth of the wave-length is one-half of that at the surface, 
at two-ninths it is one-quarter and so on ; thus an ocean- wave 600 feet (183 m) 
long and 40 feet (12 m) from hollow to crest will have a height of about 
5 feet at 200 feet of the wave-length) below the surface. 

^ Sir George Gabriel Stokes, Memoir and Scientific correspondence ^ selected arid arranged 
by Joseph LarmoTy 2 vols., Cambridge University Press, 1907. 
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Wave-velocity and group-velocity 

The travel of long sea-waves is in the direction of the train and continues 
in the same direction far beyond the region from which the energy of the 
motion is derived. The velocity of travel according to the table on p. 15 
depends upon the length of the wave, and a swell which produces breakers of 
quite notable character upon a distant shore may travel in advance of the 
meteorological conditions which gave rise to the original waves. Many years 
ago Stokes^ called attention to this possibility and suggested its use in fore- 
casting the arrival of advancing cyclonic systems. The existence of a swell 
on the shore is indeed commonly recognised as a precursor of change, but 
no special attention has been given to the study. 

It is however germane to the question of the difference between the velocity 
of a wave in a train of uniform waves and the velocity of a ‘‘ group ’’ of waves 
which has been treated by Osborne Reynolds, and the third Lord Rayleigh, 
and which finds its application in all cases of wave-motion comprising waves 
of different velocity. 

If it should be desired to ajffect a distant point by means of a train of waves 
maintained in operation at the station of origin we have to bear in mind that 
before communication is established at the receiving station the energy neces- 
sary to provide the connecting train of waves must be provided. It can only 
be derived from that of the earlier waves and these are in consequence 
sacrificed in setting up the motion. 

The conclusion arrived at is that the establishment of full communication 
by the train of waves travels with what is called the group-velocity, which is 
one-half the velocity with which the individual wave travels when the full 
communication is established. If we confine our attention to waves which 
form an isolated group the waves must be regarded as travelling through the 
group and losing their energy on emergence in the formation of a new front 
to the group. In the table on p. 15 the group-velocity for waves of different 
period is entered in the last line. 

The height of waves 

The height of a wave, the difference of height between crest and trough, 
cannot be deduced from the general theory. For a wave of sine or cosine form 
it is expressed by double the value of the quantity B of the formula (p. 13). 
Clearly some form of spiral growth not in accord with the normal formula for 
the final result is necessary in order to make a particle at rest develop motion 
in a circular or elliptic orbit which keeps its distance from the original position, 
that is, the position of rest. We have to depend upon observation for informa- 
tion about the height of waves. 

Much attention has been paid to the subject by Lieut. A. Paris, a French 
naval officer, and Dr Vaughan Cornish. The latter, who has studied waves 
in many parts of the world, assigns 70 feet as the maximum height for sea- 

^ The Marine Observer's Handbook, M.O. publication, No. 218 (2nd edition), 1918, p. 58, 
quoting a letter, dated 12 Sept. 1878, from Sir G. G. Stokes to Capt. H. Toynbee. 
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waves ; that would be somewhere near the height of the buildings in one of 
the principal streets of London. 

Both these observers endeavoured to establish by observation a relation 
between the height of waves and the velocity of the wind observed at the time 
that the height was obtained. Such an endeavour evidently- labours under 
some difficulty because the great wave is the integrated result of a wind of 
“long fetch/’ the “ fetch ” being the distance from the position where the wind 
and the wave started. Even if the wind were perfectly steady over the whole 
fetch, so long as it was using its energy to build up the wave it would have to 
go faster than the wave travelled, and it would only be when the condition 
becomes steady, when all that remains for the wind to do is to prevent 
the wave losing height, that a definite relation could exist. So it is not 
surprising that the two authorities mentioned come to somewhat different 
conclusions. 

Lieutenant Paris made out that, roughly speaking, the speed of the wave was 
four times the square root of the speed of the wind. Dr Cornish, observing 
waves of long fetch, thought the speed of the wind was practically the same 
as that of the wave. The summary of results quoted by Dr Cornish^ (from 
observations by Scoresby 1848, Paris 1867, Abercromby 1885, David, 
S. Indian Ocean, 1907, and himself) is as follows: 


Height of wave 


Date 

Mode 

m 

Max. 

m 

Length 

m 

iv. 12 

— 

— 

— 

i._ 07 

4-6 

>6*1 

61 

iii. 48 

rs 

— 

171 

xii. 00 

8-8 

i3'i 

— 

iii. 48 

9-1 

12*2 

— 

xii. IX 
xii. 98) 
ii. 99 J 

>9*4 

14 to 16 
(at sea) 

206 

viii. 07 

12 to 14 

15*2 

X. 67 

9-0 

>H'5 

2^35 

vi. 85 

7*3 

7-9 

X35 


Period 

Wind 

Locality 

sec 

m/sec 


6-8 

9 

Caribbean Sea 

__ 

11 

16 

North Atlantic 

— 

20 

>» »> 

— 

20 

n Ii 

13-5 

21 

Bay of Biscay 

19 to 22*5 

29 to 34 

Dorset Coast 

— 

20 

S. Indian Ocean 

— 

21 

^South Pacific 

9 

14 


Dr Cornish’s summary for the velocity of wind and waves between 25 and 
77 miles per hour (ii and 34 m/sec) is that the velocity of the wave in 
m/sec = 1-56 X period in seconds = ^1-56 x length in metres according to 
the trochoidal theory, so that the length is 1-56 x square of period. From 
observation he deduces that the height of the wave in feet is 07 x velocity 
of the wave in statute miles per hour; from which in c, g, s units we obtain : 

height of wave in metres =■• -477 x velocity in m/sec, 
hence length -r height = 1*342 x velocity in m/sec. 

An explanation by Prof. Proudman of the development of a flooding 
wave on the south coast of England by sudden increase of pressure in an 
approaching line-squall on 20 July i 9 ^ 9 > given in a note by C. K. M. 
Douglas {Meteorological Magazine^ vol. LXiv, p. 188). 

^ ‘Ocean waves, sea-beaches and sandbanks,* of the Royal Society of Arts ^ vol. lx, 

1912, pp. 1105-10. 
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I. GRAVITY-WAVES IN WATER AND AIR 


Standing waves in running water 

In what precedes we have confined our attention to waves that travel 
through water otherwise undisturbed. In view of the possibilities of atmo- 
spheric waves of character similar to water-waves we ought not to omit a 
reference to the permanent waves which can be noticed in a flowing stream. 
The motion must necessarily be confused unless it can be adjusted so that 
the effect of a disturbance in the flowing stream becomes equivalent to a wave 
travelling up-stream with a velocity equal and opposite to the flow of the 
stream and therefore appearing stationary with regard to the spectator. Such 
stationary deformations of the surface of the running water are called standing 
waves. 

STANDING WAVES IN FLOWING WATER 




Figs. 3 and 4. (Scott Russell.) Profiles of standing or stationary waves in a stream 
flowing over an obstacle in a pebbly bed, (3) with variable slope, (4) with uniform slope. 

The first wave beyond the obstacle is a continuous “breaker.*’ The note sounded 
by the falling water is “the tinkling of the brook.** 

The phenomena can be observed in any stream that flows over an irregular 
bed, and any notable obstacle in the stream causes a special succession of 
standing waves of diminishing height having their successive crests separated 
by a wave-len^h. It is upon the adjustment of the wave-length that the 
apparently stationary condition of the surface depends. 

The^ forms of the waves in these figures are the same as those [of the travelling 
trochoidal wave in which the particles of the wave move in circular orbits while the 
profile travels with a certain accentuation of the shape in consequence of the limited 
depth of water] with this difference only, that the latter were moving along the 
standing water with a uniform velocity while those in figs. 3-6 are standing in the 
running water. The generating cause in this case is a large obstacle or large stone in 
the running stream. On this the water impinges ; it is heaped up behind it ; it acquires 
a circular motion which is alternately coincident with and opposed to the stream ; 
the water having once acquired this circular oscillating motion in a vertical direction 
retains it, the water is alternately accumulated and accelerated, and thus standing 
waves are formed, as shown in figs. 3 and 4. 

{Report of the JBritish Association for the Advancement 
of Science, 1844, p. 389 and plate LV, London, 1845.) 

The adjustment of the wave-length to the flow of the stream and the size 
of the obstacle is illustrated by these two figures. 
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Figs. 5 and 6 exhibit a remarkable case of the coexistence in one stream of two sets 
of waves moving with velocities differing in about the proportion of two to three. 
[Fig. 5 represents the plan of a flowing stream with a ledge at one end over which the 
whole stream flows.] On one side of a stream there projected a ledge of rock over 
which fell a thin sheet of water into a large pool, nearly still, without generating any 
sensible wave. On the opposite side a deep violent current was running round the 
obstacle with great rapidity. The middle part of the channel was occupied by a large 
boulder, over which also a stream flowed, generating standing waves with a smaller 
velocity. These waves [which are represented in fig. 6] are also remarkable for non- 
diffusion, as they will preserve their visible identity to a great distance without being 
dissipated. {Ibid, p. 389.) 


STANDING WAVES IN FLOWING WATER 




Fig. 5. Plan of a stream with cliff on the right, a projection from one side, and an 
obstacle in the fairway. 

Fig. 6. The profile of the wave-motion along the thin lines set out in plan in fig. 5. 

The process of wave-formation which is here described is exhibited on the 
grand scale in the rapids of Niagara below the falls. It must be followed, 
mutatis mutandis^ wherever a current of air flows over an irregular surface. 

The tinkling of the brook 

It will be noticed in figs. 3, 4 and 6 that the first wave after the obstacle 
is a breaker. The vertical displacement of the water exceeds the limit which 
can be maintained by the adjustment of rotation to wave-length. 

The broken water is, in consequence, always falling from the crest of the 
stationary wave into the flowing water beneath. A trail of bubbles in the 
stream marks the effect which is the same as if water were constantly allowed 
to drip from a tap into the stream. When the flowing stream is not too 
boisterous only a few obstacles are important enough to cause breaking waves, 
perhaps only a single one. In that case the tinkle of the water continuously 
dropping from the breaker has a musical ring about it which is far from un- 
pleasant. Part of the energy which has proved too much for its accommoda- 
tion in a water-wave finds expression in quite another kind of wave- motion. 
The standing wave becomes the mouthpiece of the babbling brook. A very 
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cursory examination of the brook will show which of the obstacles is taking 
part in this natural concert. 

The same kind of motion in the atmosphere might substitute for the water 
that falls from the breaker a shower of rain, the duration of which might 
correspond with the duration of that form of wave-motion in the air. 


Obstructions in the path of waves 

We have just been considering the production of waves by obstacles in a 
stream which otherwise would flow smoothly and uniformly, and we have 
now to consider the effect of obstacles in the undisturbed water upon the 
waves which would otherwise preserve their course in a direct line. 

We will begin by imagining a perfectly smooth vertical wall of unlimited 
depth in face of a train of regular waves. It is not likely that the reader will 
be able to find an example which corresponds exactly with the description ; 
but in river dams and elsewhere he may find in the course of his experience 
quite a number of examples more or less similar which illustrate the general 
principle. 

Briefly expressed the effect of the wall is that the water can move up and 
down it with little or no loss of its energy but it cannot move across it: it 
must confine its motion to up and down. This effect might be achieved any- 
where in the deep sea without a wall if it could be arranged that the approaching 
train of waves be met by an exactly similar train of waves coming from 
the opposite direction, with the particles at the meeting-place always in the 
same phase of their orbit for up and down motion, and just opposite phases 
for the backward and forward motion. That is in effect exactly the meeting 
of the train of waves with its own reflexion as if the wall were a plane mirror. 
At the wall the vertical oscillation will be continued and indeed will be doubled 
in amplitude, and the horizontal component will be exactly compensated not 
only there but throughout the region to which the reflected wave extends. 

Fig. 7. Phases of a nodal wave. The successive 
curves, which can be identified by successive 
thicknesses of line, represent the positions of a 
string or an oscillating surface of water under 
the influence of a train of waves and of the 
perfect reflexion of the train from a vertical wall. 
There is a node at each end and in the middle, where there is no motion, neither 
vertical nor horizontal. Between the nodes there is motion in the vertical but only 
sufficient horizontal motion to keep the shape. 

The effect in front of the reflecting wall will accordingly be a train of waves 
consisting of vertical motion only, with double the vertical amplitude of the 
incident wave at the wall and at successive half wave-lengths from it and 
without any horizontal motion. Nodal points where there is no motion at 
aU are formed a quarter wave-length from the wall and at every half wave- 
length from the first node. 
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The result will be a train of “ nodal waves ” which pass through the phases 
indicated in fig. 7 without any horizontal movement either of the profile of the 
wave or of the water of which it is composed. The effect’ can be illustrated 
on the experimental scale by the reflexion of ripples, and with sea-waves some 
approximation is afforded by the combination of the reflected train with a 
train of waves incident upon a sea-wall; but the causes of departure from the 
hypothetical result are many and what appears to the spectator is a confused 
heaving of the water without notable progression. 

The nodal waves formed by reflexion at a vertical wall are different from 
the standing waves described in the preceding section as formed by an obstacle 
in a flowing stream. The orbits of the motion of the water in the latter are 
vertical circles, whereas in the standing waves formed by reflexion the motion 
is linear. 


Oblique reflexion 

We have supposed the train of waves to be incident directly with its line of 
approach perpendicular to the wall. When the incidence is oblique, since hori- 
zontal motion is possible along the wall, it is only the component perpendicular 
to the wall which is compensated by a train of waves coming from the opposite 
side ; that, combined with the motion along the wall and the vertical motion, 
gives a train of waves exactly like the incident train and coming from the wall 
at the same angle but on the other side of the normal to the face of the wall. 
The motion of the water in front of the wall is represented by the combination 
of the two trains.^ 

Many curious results can be obtained by reflexion as the angle of incidence 
is changed from that of the normal to that of grazing incidence. 

In the behaviour of waves which approach a wall obliquely and in the 
reflected waves which go off at approximately the same angle on the opposite 
side of the normal, the phenomena of optical reflexion can be visibly illustrated. 


The effect of smaller obstructions upon wave-motion 

Realising our inability to construct typical travelling waves in water to a 
desired pattern or size, we may understand that if we wish to use water-waves 
in illustration of the general effect upon wave-motion of isolated obstructions 
we must take the waves as we find them and pay attention to the influence 
of obstructions that can be found in their paths. In any case observations 
are not easy ; most of the natural obstructions to waves of water are related 
to a sloping shore which has definite effects of its own. It is seldom that 
one gets the opportunity of watching the behaviour of a train of deep-sea 
waves upon a sheer cliff or other obstacle rising from great depth, and it is 
not easy to refer to typical examples of obstructions of a different character. 

It may however be concluded from the common experience of watching 
the travel of waves through the structure of a pier that a single vertical pole 
has very little effect upon a deep-water wave approaching the shore, and a 
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fence of similar poles, spaced a metre apart, would afford no protection to the 
shore against the effect of heavy seas. Even a forest of scaffold-poles would 
produce very little effect upon an advancing wave; in other words, the water 
with a group of obstacles of that description would be almost perfectly ‘‘ trans- 
parent” to water-waves. 

With the multitude of radiations with which he will have to deal, the reader 
will do well to keep this idea of transparency in mind because transparency 
cannot be regarded as having a simple meaning. 

A continuous wall would completely protect the water behind it so long as 
it lasted. It would have to bear the whole shock of the wave-energy and pro- 
vide the force necessary to reverse the train: if the wall were perfectly 
resistant and smooth, the energy would be expressed in the ‘‘ reflected ” wave 
which would travel away from the wall to meet the succeeding waves in their 
advance, as we have already explained. The combination of an advancing 
train of waves with its reflexion is a very interesting spectacle. The conditions 
are not generally so regular and appropriate that the reflexion is as perfect as 
the image of a spectator in a mirror, which is a better example of similar action. 
Instead of the regular return combining 

1 j j r • TRANSMISSION AND REFLEXION 

With the regular advance and forming 

nodal waves which can be so well illus- Illllllt 

trated by experiments on strings or transmitted wave 

organ-pipes, there may be simply a 
terribly confused sea, full of irregulari- / 
ties and dangerous to everybody and ( 

everything concerned. Nevertheless, it \ \ \ k k k k ) ) ! 




ADVANCING VA^VE 


is an example of what disturbed wave- ^ 

motion can produce. 

If instead of a continuous wall we have reflected wave 

a succession of square columns (fig. 8) wivv^vv^^ 
with gaps the same width as the columns, 
certainly not often to be seen as such 
a construction would be extremely fragile 
in a heavy sea, each gap would be a path 

by which part of the energy of the ad- advancing \a^ve 

vancing wave could reach the water Fig. 8. “Interference.” The develop- 

behind the waU. We can continue to of waves of trsmsmission and re- 

- . - XT ij 1 • j flexion by a grating” of columns, with 

use the image oi scaitolcl-poles instead intervening spaces of the same width . 

of columns of greater thickness if we the case of sound the actual process 

imagine a line of poles placed so that in fig. i8. 

the interval between each pair is the thickness of a pole. The idea of a 

column is a little better because it carries the idea of uniformity of width. 

One-half of the advancing 'wave would make its way through the intervals 

between the colunms and then for the area of water beyond the wall the 

intervals would act as centres of new disturbances, reg ular only in their 

repetition. The columns themselves would act as “reflectors” and so form 
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centres for disturbance in front of the obstacles. The like is the case with 
light falling on a collection of obstacles. If the advancing waves are small 
enough to carry through the gap as formed waves, regular wave-motion will 
be continued on the other side. If, however, the gaps are small compared with 
the length of a wave, the gaps will become secondary sources of disturbance 
with a wave-length that is determined by the period of the disturbing oscilla- 
tion and by the condition of the material which is disturbed. 

We shall require the analogy of this process in the case of light. The effect, 
upon the water behind the wall, of the energy which comes through two 
adjacent apertures may be illustrated by the combination of circular waves 
represented in fig. 8. 

The representation of a continuous wave-front as the resultant motion due 
to a disturbance emanating from elements of an advanced front illustrates the 
principle of interference upon which is based the exposition of the rectilinear 
propagation of waves referred to in the remarks introductory to this chapter, 
p. 6. This and many other illustrations of the realities of wave-motion can 
often be traced in water-waves by watching the behaviour of waves towards 
the obstacles that they may have to pass, or, using the ears instead of the eyes, 
in sound-waves as affected by the pales of a fence. 


Diminishing waves. Damping 

We have mentioned more than once the possibility of waves increasing in 
amplitude, in consequence of the continued operation of the forces which are 
responsible for their original production. Still more easy to realise is the 
gradual diminution of the amplitude of a wave while its period is preserved— 
such a diminution is known technically as the damping of the wave-motion. 

To some extent the pictures of the standing waves in running water, 
figs. 3,4, and 6, show what is understood by damping. Mathematicians have 
a device for representing the gradual change thus indicated, substituting for 
the constant coefficient, represented in the equation, p. 13, by A or B, 
one with a variable factor represented by 
e“^^® so that the full equation for a wave 
with a damped coefficient is 


z = cos (;x: 


V^); 



to the formula 


cos (x 


■Vt) 


€ is known as the modulus of decay, and 
is the time in which the amplitude of 
vibration is reduced to i /e of its original 
value. 

The effect of such a term is represented 
in fig. 9 in which the amplitude is re- 
duced to 4B/5 after one oscillation. In the case represented e is approximately 
4^ periods. 


to illustrate the decay of oscillations 
owing to friction or other like cause. 
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Curling waves and breakers 

Before leaving the consideration of water-waves which we are citing for 
the utility of their analogy to sound-waves and light- waves we must not omit 
to notice the effect of a sloping bottom upon the transmission of water- 
waves near the shore. We have already called attention to the production 
of breaking waves and we now consider the deviation of the crest of the wave 
and the change in the direction of the motion which brings the advancing 
wave to face more and more nearly towards the shore. 

BREAKING WAVES IN WATER 

W3 


Fig. 10. Waves advancing up a shelving shore, forming a breaker or a succession of 
breakers, and waves in the shallow water between the breaker and the shore, with 
approximately the original wave-length but little elevation. (From J. Scott Russell’s 
Report on Waves ^ B.A. Report, 1844.) comparison with the meteorological records 

of a showery day see fig. ii. 

The natural path of wave-motion in water, which is not otherwise disturbed, 
is in straight lines — ^to that property must be attributed the uniform widening 
of the circular waves which are caused by a stone dropped into a free water 
surface. In that case the waves are too small as a rule to show any effect 
of variation of depth, and indeed the Itw of their propagation is not that of 
sea- waves. The circle which limits the position of the disturbance is called 
the wave-front. In waves of the open sea the line of crest or wave-front is 
at right angles to the direction in which the waves are advancing. 

The larger waves running along a shore line have their rate of travel affected 
by the depth, the shallower the water the slower the travel. Consequently 
the waves arriving at an island or projecting promontory from the distant 
open sea advance more slowly near the shore than farther out, the front 
of the wave becomes thereby distorted, the outer part curls round until it 
provides waves which face the shore. So it comes about that waves may be 
seen advancing towards the shore even when the wind is off-shore, that is 
to say the waves travel against the direction of the wind that was their original 
cause in the open sea beyond. Prof. V. Bjerknes makes use of this analogy 
to illustrate the transition between the wave of vertical motion which he 
regards as the first stage of a cyclonic depression (p. 31) and the horizontal 
motion of the winds round the centre of the depression. 

In like manner as a wave approaches the shore (fig. 10) the motion of the 
lower part is retarded while the upper part retains its freedom to move, the 
shape of the wave is gradually altered until at last the top falls down into the 
front and the advancing wave carries a breaking front of foam. It is interesting 
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to see the foam carried up along the front of an advancing breaker. It would 
also be interesting to make out the closeness of the analogy which the cross- 
section of a wave breaking in the manner described presents to that of an 
eddy or vortex. 

Here we make bold to introduce a picture (fig. 1 1) to remind the reader 
that there are points of analogy between the phenomena of a train of breaking 
waves on a shelving shore and the recurrent showers introduced by a line- 
squall that are often found in the south-west quadrant of a cyclonic depression 
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Fig. 1 1 . The meteorological records at South Kensington of a showery day — wind- 
velocity, temperature, pressure, oscillations on the microbarograph and rainfall in milli- 
metres — for comparison with the illustration of a breaking wave, see fig. 10. 

during the transition from south-west winds to north-west. The analogy 
will not bear close examination at this stage, but in actual experience it is too 
marked to be disregarded ; attention is called to some aspects of it in a chapter 
in Forecasting Weather^, on the minor fluctuations of pressure. 

The lowest part of the picture shows a series of nine rain showers in the 
course of the eleven hours included within the period of the diagram. The 
first was comparatively heavy. It gave rainfall to the extent of five millimetres 
associated as usual with a notable movement in the microbarograph. The 
other showers were less productive, the heaviest of them is less than two 
millimetres, the lightest less than a quarter of a millimetre. There are some 
indications of association with changes in the pressure as shown in the micro- 
barogram, the temperature or the wind. The whole episode is related to the 
gradual but irregular rise in the barogram in the corresponding period as 
^ Constable and Co., Ltd., 1923, chap. xi. 
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shown in the inset. Rain is itself a cause of discontinuity in the physical 
process. It marks and accompanies the transition from conformity with the 
gaseous laws to the behaviour of saturated air endowed with the energy 
previously latent in the water-vapour. The dynamical results have yet to 
be explored. Moreover the record of rain takes no account of that formed 
into drops but evaporated on the way down. 

GRAVITY- WAVES IN AIR 

Water-waves represent in effect the apparent travel of a heap of water in shape 
more or less like the bulge of a sine-curve followed by a corresponding hollow. 
We have noted that the water of the heap and the hollow does not travel with 
the wave but the shape does. We have learned also that the wave-motion is 
not confined to a single surface-layer but is found below the surface as a 
wave of which the amplitude diminishes as the depth increases according to 
the ordinary logarithmic law: that is to say, if the amplitude of the wave at 
10 metres below the surface is nine- tenths of the amplitude at the surface 
the amplitude at 20 metres depth wdll be 8i/iooths and at 100 metres about 
35/iooths. 

There is every reason for supposing that a similar action might take place 
in the atmosphere, the amplitude diminishing upward (perhaps downward also) 
from the wave-surface, if there were facilities for accommodating the heaps 
and hollows of the wave of air such as are allowed to water by the freedom 
of the space above it. 

If such waves exist we should expect to find them recorded as periodic 
variations of pressure in a barogram, possibly associated with variations of 
the same period in the motion of the air as recorded in an anemogram. To 
get these variations properly exhibited the recording instruments ought to 
be kept fixed in position; and unfortunately that condition practically limits 
the records to those of fixed observatories. It is hardly to be expected that 
the associated changes of temperature would be large enough to show in a 
thermograph; but it cannot be regarded as improbable that if the motion is 
continuous and slow, the process of heaping up of the air in a wave should 
lift the upper part sufficiently to reduce its temperature below its dew-point 
and consequently to show the crest of a wave by the formation of a cloud, 
or by the increased density of cloud in a continuous layer. 

Records in wave- form are found occasionally in barograms ; we have cited 
a good example as illustrating the embroidery of the barogram in chap, ix, 
P- 39 volume ii. Another example is shown in Forecasting Weather^ 
2nd edition, p. 355 — oscillations of pressure at Eskdalemuir on b—y March 
1918, constituting two well-formed complete waves of forty minutes’ period, 
were developed from less well-formed waves of about sixty minutes’ period, 
and lapsed into irregular fluctuation without any recognisable period. The 
variations shown in pressure have also their counterpart in variations of the 
same period in the direction and force of the wind. 



GRAVITY-WAVES IN AIR 


29 


The forty minutes and the hour of that example are less usual than the 
twenty-minute or ten-minute oscillation of fig. 216 of vol. ii, and indeed 
the frequency of ten-minute or twenty-minute oscillations is suggestive of 
some prevalent natural cause of waves in the atmosphere. D. Brunt^ has 
sought to relate such a period to the prevalent lapse-rate of the atmosphere 
by computing the time of oscillation of a specimen of air moving in its environ- 
ment as a material particle ; he obtains a time of oscillation dependent upon 
the lapse-rate of the environment varying between 6 minutes for the iso- 
thermal condition and an infinite period for convective equilibrium, with an 
intermediate value of 10 minutes for a lapse-rate two-thirds the adiabatic; 
for periods 20, 30, 40 minutes the corresponding lapse-rates are -92, *96, 
and *98 of the adiabatic. The calculation does not express accepted hydro- 
dynamical principles and methods ; but the result invites further effort to 
obtain a solution of the problem. 

The variability of the oscillations is well illustrated by fig. 12 which shows 
the record of the anemograph of the Meteorological Office station at Fleet- 
wood, on 4-5 February 1927. It will be seen that from lyh to I9h the waves 
are almost exactly of a half-hour period. Between 2oh and 22h six maxima 
are included and thereafter the orderly oscillation is at an end though there 
is an indication between ihand 2h of an oscillation of 15-minute period better 
shown in the direction trace than in that of the velocity. 

Oscillations very similar to those represented in fig. 12 have been previously 
observed at Southport and are in 
some way characteristic of the 
eastern shore of the Irish Sea, mi/hf 
with its mountainous amphi- 
theatre. The subject is discussed 20 ^ . 

in a paper before the Rojal 
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Meteorological Society in 1910 
{Quarterly Journal, vol. xxxvr, 

p- 25). 

The striped appearance of 
cloud in the sky may also be 
an indication of wave-motion 
marked by condensation in the 
ridges. It is quite a common 
occurrence and is represented 
by many examples among the 
photographs of volume i. It is natural to suppose that the lines of corrugation 
mark the lines of crests and hollows of waves in the atmosphere which are 
travelling across the lines, though another explanation of the corrugated ap- 
pearance, which will be cited in chap, viii, is offered by T. Terada and others. 

Whatever may be the difficulty of working out the analogy between pro- 

^ Q.J. Roy. Meteor. Soc. vol. Liii, 1937, p. 30. The subject has been further examined 
by N. K. Johnson, see Ibid. vol. LV, 1929, p. 19. 


Fig. 12. Oscillations in the velocity and direction 
of the wind shown by the pressure-tube anemo- 
meter at Fleetwood, 4-5 February 1927. 
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gressive waves in water and in air there can be no doubt in respect of the 
analogy between the standing waves in a stream of water which flows past 
an obstacle as represented in figs. 3-6 and waves in the layers of the atmosphere 
in which the conditions are quite similar. The study of the motion of air past 
obstacles is indeed fundamental for many problems of aircraft. On the large 
scale of the natural obstruction of orographic features to the flow of air over 
or round them which was discussed by V. Bjerknes^ the same phenomena 
are in evidence. They may account for the lenticular forms of cloud which 
are represented in chap, xi of vol. i. In particular the baleia of Mt Pico 
in the Azores, fig. 48, and the Contessa del ventp of Mt Etna, fig. 46, may 
be referred to as clouds which are permanent in position and constantly 
replenished by the wind^. 

Waves in an air-current as persistent and well-shaped as those represented 
for water by J. Scott Russell (fig. 6) would presumably require the air of 
which they are formed to be in permanent rotation as vortices with horizontal 
axes, not to suffer any translation but to have its radius of operation adjusted 
to keep the profile of the wave. That is not quite the case in practice, as im- 
perfect vortices are often transmitted down stream (Part iv, chap, v, fig. 7) 
and the like occurs with the wind if we may thus interpret the transitory 
variations of an anemometer. 

Information has recently come to hand that certain oscillations of pressure 
recorded on 30 June 1908 by microbarographs in England with periods of 
ten and twenty minutes {Forecasting Weather ^ 1923, p. 356) may be attributed 
to the fall of a large meteorite in northern Siberia®, but the genesis of gravity- 
waves in air is not generally understood. As a guide to the conditions 
necessary for their development we must refer to the lines of equal entropy 
in the atmosphere and the degree of closeness of their approach (fig. 63 of 
vol. ii). They mark the surfaces which cannot be crossed by a sample of air 
at the boundary without causing gravitational resilience of the same kind as 
that which affects a boat when it is temporarily pushed down below its natural 
water-level, or lifted above it. The closer the approach of the lines of equal 
entropy the greater the resilience for the same amount of displacement. 

The level of the sea itself is the most conspicuous example of a resilient 
surface for air because there is a discontinuous jump from the density of the 
water to the density of air, and air submerged in the water is subject to a force 
of resilience equal to 800 times its own weight. The gradations of entropy 
in the atmosphere do not reach actual discontinuity ; but in any layer which 
represents a counterlapse (inversion of lapse-rate) there is a rapid increase 
of entropy and the condition of discontinuity is more or less nearly approached. 

For example, a stream of relatively warm air passing over a level and very 
cold surface-layer (such as those represented in chap, v) may operate upon 

^ ‘The structure of the atmosphere when rain is falling,’ Q,y. Roy, Meteor. Soc. vol. XLVI, 
1920, p. 119. • • » 

® C.K.M. Douglas, ‘Some Alpine cloud-forms,’ vol. Liv 1028 p.17^. 

^ Bull. Amer. Meteor. Soc. vol. ix, 1928, p. 213. 
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the cold layer beneath it much in the same way as air acts upon water, and, 
when there are two sides to the layer of rapidly varying entropy, waves may 
be set up in the upper layer or the lower layer or in both. We defer the con- 
sideration of the dynamics of the problem until we have set out the general 
equations of motion of the atmosphere as an introduction to vol. iv, 
merely mentioning that on the basis of a discontinuity between equatorial 
and polar air, which provides the keynote of the new theory connoted by 
the polar front, Helmholtz has deduced equations for wave-motion in the 
region of the discontinuity with special reference to waves indicated by the 

GRAVITY-WAVES IN AIR 



Fig. 13. Gravity-waves above and below a surface of separation between two fluids of 
different density and in motion relative each to the other. (V. Bjerknes, ‘On the 
DYn 3 micsoftheCirc\il 2 iTYortex"GeofysiskePublikationer,Yo\.iij'No. 4 y Kristiania, 1921 .) 

clouds ; the theory has been developed by Brillouin as well as by Wien and 
F.M.Exner. Another attempt at the general theory of wave-motion in theatmo- 
sphere is that of Horace Lamb^, which was written in reply to an appeal for an 
explanation.of the periodic variations of pressure that are occasionally recorded . 

V. Bjerknes, in developing the theory of the polar front, has expounded 
the development, on either side of a discontinuity, of waves which travel with 
the air of the layer which has the greater velocity. A sketch of the waves thus 
indicated is given in fig. 13. From the theoretical result Bjerknes would 
explain the formation of cyclones in temperate latitudes. 

^ ‘ Oi^ atmospheric oscillations/ Proc. Roy. Soc. A, vol. lxxxiv, 1911, p. 551. 
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Other atmospheric waves 

The structure of waves excited a good deal of attention among those who 
were interested in physical science in the first half of the nineteenth century 
and efforts were accordingly made to represent the travel of pressure, expressed 
by a barogram, as due to the motion of linear waves of pressure over the 
country. The idea still finds favour in the north of Italy where cyclonic and 
anticy clonic distributions are not nearly so apparent as they are in the weather- 
charts of northern Europe. 

Within the past ten years L. Weickmann of the Geophysical Institute of 
Leipzig has suggested a special form of wave-progression over northern Europe 
which is derived from the weather-charts themselves. 

In a lecture before the Deutsche Meteorologische Gesellschaft in October 
1926 Weickmann gives an effective summary of Exner’s attempt to synthesise 
the variations of pressure from solar radiation and the distribution of land 
and water, together with the efforts on the part of others, especially of H. H. 
Clayton, Defant, Danilow, Matteuzzi and Vercelli, to detect periods in the 
recorded variations of pressure in different parts of the world. 

The summary is the preface to an account of work carried out by himself 
and others at the Geophysical Institute at Leipzig which has enabled him 
to represent the variations of pressure over the northern hemisphere during 
selected spells of ten weeks’ duration, more or less, as made up of the oscilla- 
tion of nodal waves. The spells are chosen by the identification of points of 
symmetry in the graph of pressure, and the pressure curve for the spell is 
analysed into sine components. Particulars are given for the spell of 72 days, 
36 on either side of 15 January as the point of symmetry. By analysing 
curves for 800 stations in the northern hemisphere the amplitude and phase 
of a standing circumpolar wave of 24 days’ period were determined which 
expressed the pulsation of the polar front for that period of the year. 

Den Schnitt langs des 45 Meridians westl. Lange in Abstanden von zwei zu zwei 
Tagen zeigt Fig. 14. Er fuhrt im wesentlichen vom Atlantischen Ozean iiber das 
Polarmeer zum Pazifischen Ozean und gibt somit die Verhaltnisse ohne Stdrung durch 
die kontinentalen Einfliisse wieder. Die Kurven umfassen eine halbe Wellenperiode, 
also 12 Tage, die folgenden Kurven fiir den 22, 24 usw. Dezember oder die homologen 
um ZTiir verschobenen Termine sind die Spiegelbilder der ersten sechs. Man sieht 
in eindrucksyollster Weise eine 24-tagige Pulsation der Polarluftmassen vor sich, 
keine Erscheinung des kontinental-maritimen Systems, sondern der Polarfront, also 
nicht von Westen nach Osten sich fortpfianzende W^ellen, wie sie aus den Defant- 
Exnerschen Arbeiten bekannt sind, sondern meridional verlaufende Schwingungen, 
die sich mehr mit den Wahmehmungen von Danilow decken. Natiiriich hat man 
sich dieses ** System*' superponiert zu denken auf die mittlere Luftdruckverteilung, 
deren Translationsbewegung es unterworfen ist , und die den wohlbekannten Charakter 
einer winterlichen Luftdruckverteilung aufweist fur einen mittelstrengen Winter, wie 
es der Winter 1923/24 gewesen ist, also Hochdruckgebiete uber den Kontinenten, 
Minima uber den Ozeanen. 

(L. Weickmann, ‘Das Wellenproblem der 

Atmosphare,’ JVfeieor. Zeitschr, 1^27, p. 250.) 
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Another nodal wave of 36 days’ period between centres distributed in 
longitude instead of latitude is suggested as showing the effect of the dis- 
tribution of land and water. 

It is not claimed that these oscillations are persistent throughout the year 
nor from year to year at the same season; separate spells have to be chosen 


Fig. 14. Oscillations of pressure in the winter of 1923-24 suggested by a nodal point of 
symmetry in the barograms of the northern hemisphere (Weickmann). 

The sequence of one-half period of the 24-day wave in sections along meridians. 




for successive seasons, but, once selected, they may be relied upon to exhibit 
the special character of the particular season to which they refer. 

The conclusions arrived at with regard to a nodal oscillation of 20 days’ 
period in summer with a node in Russia and correlated maxima in the northern 
North Sea and south Caspian, are summarised by Weickmann as follows : 

Zusammenfassung : Die harmonische Analyse der Luftdmckkurven von ca. 300 
Stationen von Europe, Westasien und Nordafrika fiir die Zeit vom 15 April bis 3 Juli 
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igzS ergibt unter anderem eine 20 tagige Welle, die Amplitudenmaxima iiber dem 
Nordmeere und iiber Asien aufweist. Sie hat den Charakter einer stehenden Welle; 
die Amplitudenmaxima zeigen alternierende Pulsation. Ein Zusammenhang dieser 
Welle mit dem europaischen Monsun ist wahrscheinlich. Solche Wellen schaffen 
Bezugsraume des Luftdruckganges. Durch die tiblichen Korrelationsrechnungen 
kann daher nur ein Teil der Erscheinungen erfasst werden. Die Wellen wirken als 
Impulse in der allgemeinen Zirkulation der Atmosphare. 

(‘ Die Ausbreitung von Luftdruckwellen iiber Europa,’ Gerlands 

Beitrdge zur Geophysik, Bd. xvii, Heft 3, 1927, p. 332.) 

Diurnal waves of pressure 

We have referred to the barogram as the material in which to seek the 
evidence of wave-motion in the atmosphere due to gravitation. Any reader 
who acts upon the suggestion is very likely to light upon the semi-diurnal 
wave of pressure which travels round the earth about two hours in advance 
of the sun (vol. ii, p. 281) as being the most easily recognised example, 
especially in latitudes nearer the equator than 35°. One can hardly fail to see 
that, and one may fail to see any other evidence of waves. We have already 
described the distribution of these waves in the volume referred to. The semi- 
diurnal wave, however, as investigated by Lord Rayleigh and subsequently by 
Margules is not a gravity- wave in the sense in which we have been using the 
term, but a wave that depends upon the elasticity of the air. The resilience 
which calls forth waves depends upon the compression and rarefaction of the 
air in the line of motion instead of the increase or decrease of weight. 

At every station where barograms are kept a diurnal variation of pressure 
with a period of 24 hours can be demonstrated by taking the mean values 
of the pressure at each of the 24 hours of the day. In that general oscillation 
must also be included the 12-hour term, and it is usual to ascertain the par- 
ticulars of the 12-hour term by regarding it as the second component of the 
harmonic analysis of the variation within the 24hours. According to Margules's 
theory the 24-hour term, which exhibits little sympathy either in amplitude 
or phase between different localities, does not depend upon the elasticity of air. 
If that be so, it must depend upon elements like temperature, the variations 
of which are clearly dependent upon the alternations of day and night ; and 
it is too much to hope that those influences will be so perfectly expressed 
by a pure sine-curve of 24 hours’ period that they will be eliminated in the 
process of harmonic analysis. Its influence may therefore affect the purity 
of the expression of the 12-hour components and its harmonics at different 
stations. 



CHAPTER II 
SOUND-WAVES 


It IS one of the most important principles in connection with the transmission of energy by waves that wc 
twve to distin^ish between the velocity of the waves and the velocity of the energy they are carrying, the greater 
the velocity of the waves the smaller is that of the ener^ This fundamental pnnciple is apt to be overlooked, for, 
in the most conspicuous cases of wave-motion, souna and hght, all the waves travel with the same velocity, so 
that the question of the alteration in the speed of energy does not arise 

GT J Thomson, Beyond the Electron^ 1928 ) 

We have already remarked that the semi-diurnal wave of pressure, the best 
known of all atmospheric waves, owes its travel to the compression and elas- 
ticity of the atmosphere. Waves of sound are of a similar character. They 
are intermediate in length between the water-waves which are long and light- 
waves which are extremely short. They differ from water-waves also in the 
fact that the water-waves are made up of particles which describe orbits in 
planes at right angles to the wave-fronts, and therefore require some time at 
any rate for their development, or perhaps it may be called their “ education’’ 
from a state of rest, whereas the particles which form sound-waves move 
simply to and fro along the line of motion, they require no time for their 
education, only for transmission. A single explosion produces a group of 
sound-waves m response to the impulsive compression of the air surrounding 
the exploding mass, and the rate of travel is in accordance with the law of 
transmission of sound-waves, V = Vypjp — VyRtt, where V is the velocity 
of travel, p the pressure of the air, p its density, tt its temperature, y the well- 
known ratio of the two specific heats of air, and R the “gas-constant.” So 
clearly is this recognised that the “velocity of sound,” about 330 m/sec, is 
one of the common items of reference in experimental physics. 

The velocity of sound has been measured by direct observations in the open 
air. Classical experiments for this purpose were conducted by Arago in June 
182a between Montlh^ry and Villejuif. 

After Laplace had pointed out the source of error in Newton’s calculations, a Com 
mission was appointed by the Bureau des Longitudes which experimented again on 
the outskirts of Paris, between Montlh6ry and Villejuif, a distance of about ii miles. 
Reciprocal cannon-hrmg was used, but at intervals of only five minutes, and chrono- 
meters replaced the pendulum clocks of the first experiment. At 15-9® C [288 gtt] the 
result was U = 340 9 m/sec, whence Uq 331 m/sec. 

(J. H. Poynting and J. J. Thomson, Sound, Charles 
Gnfiin and Co. Ltd., London, 1899, pp. 34-5.) 

The most effective determination is by means of nodal waves which in the case of 
water we have mentioned as bemg imperfectly developed by the reflexion of waves 
from a vertical wall. The lengths of such nodal waves m air are beautifully marked 
by light powder in a glass tube along which a sound is transmitted. The interval 
between the hnes of powder gives the half wave-length, the pitch of the note the period, 
and, from the ratio of the two, the velocityof transmission can be accurately determined. 

C 35 ) 
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The value of the velocity of sound in air at 273tt as determined by this method is 
331*90 metres per second. 

The method, which is due originally to Kundt and Warburg, was used extensively by 
J. "W. Capstick’-, who applied it to the determination of the ratios of the specific heats 
of various gases. 

With this comparison in view we need not regard the velocity of a group 
of sound-waves as something different from the theoretical velocity of sound, 
the difference will not trouble the meteorological observer unless we must 
attribute the curious limitation of the audibility of thunder to a cause of that 
kind. 

The energy which is expressed in sound is not itself of sufficient 
importance to claim our attention. R. L. Jones has calculated that a million 
persons would have to talk steadily for an hour and a half to produce 
enough heat to make a cup of tea^. Sound, however, furnishes a remarkably 
sensitive divining rod for the structure of the atmosphere, because the travel 
of sound is strictly dependent on the condition of the atmosphere which is 
traversed by it. 

The travel of sound, the basis of “sound-ranging,” can indeed be used 
to identify the position of a distant explosion by noting the time of the flash 
and the time of arrival of the report at two or more stations equipped with 
instruments for recording the reception of sound. The method has been so 
far developed as to require scrupulous attention to the influences of all the 
various meteorological conditions upon the travel of sound®. It has not yet 
been brought into use for the benefit of the science of meteorology to anything 
like the extent which seemed possible at the close of the war. 

All sounds travel with the same velocity in the same air, though their wave- 
lengths may vary from 10 metres for the hardly audible note of an organ- 
pipe, to less than i cm for the highest audible note of an adjustable whistle 
devised by Galton. The limit in frequency is from about 30 oscillations 
per second to 24,500 per second. All sound-waves can be reflected from plane 
surfaces and have the faculty of creeping along curved surfaces by repeated 
reflexion as in a whispering gallery ; but there is great difference in the treat- 
ment which the waves of different length receive from obstacles. The long 
waves get much disturbed by partial or complete reflexion. Reflexion from 
obstacles and diffraction from the broken edge of a sound-wave are so effective 
that sounds of moderate wave-length have no noticeable shadows ; they can make 
their way, presumably by sacrificing some of their energy of compression, 
through walls and windows and are audible in situations where light from the 
same source would be invisible. It is difficult to reconcile the experience with 
rectilinear transmission. But the realities of ordinary wave-motion are ex- 
hibited very clearly with the smaller wave-lengths such as those of Galton’s 
whistle or the common bird-call. A great number of interesting phenomena 
in audition are really dependent upon sound-shadows and can be disentangled 

^ Phil. Trans. Roy. Soc. A, vol. CLXXXV, part i, 1894, p. i. 

® Nature^ vol. cxxi, 1928, p. 612. 

® See W. J. Humphreys, Physics of the Air, 2nd ed. 1929, p. 418. 
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by careful observations ; but we have not space for details on that subject. 
It is upon such details that the acoustical properties of buildings depend, and 
one of the signs of revival of interest in the physical problems of fifty years 
ago is the attention which is now devoted to practical acoustics^. 


VARIATION OF WAVE-FRONT DURING TRANSMISSION 


For our purpose it is better to regard the transmission of a sound rather 
as the advance of a wave-front than as the direct operation of radiation in 
straight lines. On the analogy of the waves which spread out from a centre 
of disturbance in water, a disturbance representing sound coining from a point 
in a perfectly homogeneous atmosphere would be a spherical surface ad- 
vancing outwards in all directions with ‘^the velocity of sound.” The wave- 
front will be spherical and the travel will be at right angles to the front. 
At a great distance from a source the front is practically plane and the dis- 
turbance advances at right angles to the plane. So we may consider a sound- 
wave as having a spherical front or a plane front or a distorted front according 
to the circumstances. 

The natural atmosphere is never per- 
fectly homogeneous and the spherical 
wave in the open air is an unrealised ab- 
straction because the velocity of trans- 
mission is affected by the temperature, 
by the wind-velocity and, near the ground, 
by the obstacles which have to be cir- 
cumvented. 

We will begin with the consideration 
of the interference with transmission due 
to the obstacles, or the “friction,” of the 
surface which has the effect of diminishing 
the velocity of the waves near the ground. 



We may assume for the time being uni- 
formity of temperature and no wind. The 
problem that we have to consider is such 
as that of the explosion which occurred 
at Silvertown on the Thames estuary in 
1917. It rattled windows and even pushed 
open a door in a basement eleven miles to 
the west, separated from the source of the 


Fig. 1 5 . Wave-fronts (originally spheri- 
cal) for transmission of sound past a 
series of obstacles. 

O, centre of disturbance with wave- 
front originally spherical. 

A, B, C, D, obstacles in the way of the 
advancing wave-fronts. 

FxfA, Fufn, Fof(!, wave-fronts distorted 
by diffraction at the obstacles 
A, B, C. 


disturbance by miles of earth and build- XY, XXi, XiX2, X^X.^, the ‘‘rays’* 
ing., A corr^pon^g =S«t must h.v. rdy'L’T.Sw 
been produced all the way along the route. ^ave-fronts of reflexion from the 
The energy displayed at street-level, or plane face of the obstacle A. 


^ See for example The Acoustics of Buildings by Dr A. H. Davis and Dr G. W. C, Kaye, 
London, 1927; ‘Quietness in City Offices,’ The Times^ 5 Feb. 1929; ‘The New Acoustics* 
by Dr W. H. Eccles, Presidential Address to the Physical Society in 1929. 
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below it, miles away from the source, came from the explosion not by trans- 
mission in direct lines but by what is called diffraction from the broken 
edge of the wave-front, that is to say, as the wave passed each obstacle the 
excess pressure at the lower edge could not be retained in the absence of 
suitable support ; the overhead energy that survived would act as a source send- 
ing down disturbance so that the wave-front would become bent as in fig. 15. 
The line of travel of energy which reached the ground twenty miles away 
would have started from the source as a ray inclined at a considerable angle. 
It reached the ground, farther on, by curling round the obstacles, thus 
travelling a longer path; and therefore its progress “along the ground’’ 
would be slower than the velocity of sound. 


Reflexion 

We can deal in like manner with reflexion of sound-waves. The case of 
reflexion from solid walls and ceilings, by which echoes are produced, is 
simple enough. With a perfectly rigid plane surface no energy is lost, the wave 

REFLEXION AND REFRACTION OF SOUND-WAVES 



Fig. i6. “ A wave reflected at the plane 
surface of a piece of glass plate about 
10 cm wide and 20 cm long, held ver- 
tically a short distance from the spark 
gap, with the surface of the plate 
parallel with the gap.” (A. L. Foley 
and W. H. Souder, *A new method 
of photographing sound-waves,’ The 
Physical Review^ vol. xxxv, igi2. 
Photograph ii,) 



Fig. 17. Hypothetical reflexion and refrac- 
tion of a plane wave of sound at the surface 
of separation AB of two homogeneous 
media of temperatures Ta and Ti of which 
Ti is the higher. XY is the incident wave- 
front, XY*! the reflected wave-front and 
X'yi the refracted wave-front. The dotted 
circles, drawn to scale, represent the fronts 
of the waves of reflexion and transmission 
from the element Y. 


proceeds from the reflecting surface backwards as though it came from the 
image of the source formed in the same way as by optical reflexion. Partial 
reflexion can take place from any layer of air which is separated from the source 
by a surface of discontinuity of temperature or wind. 

The reflexion of a circular wave from a rigid linear boundary is very clearly 
shown in the photographic picture represented in fig. i6. The appearance like 
water in the photograph is the optical record of the distortion of the uniform 
atmospheric condition caused by the condensation-wave of sound sent out 
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from an electric spark under the spherical knob which is shown black. The 
reflecting surface is shown by the horizontal black band. 

The supplementary arc, which would complete the circle of the wave-front 
if it were reversed, is the front of the wave reflected from the wall. 

Ordinary echoes which are explained on the principle here illustrated are 
produced by reflexion from vertical walls of rock or other natural objects, 
but they have not the regularity of that shown in the figure. 

In the medium in which an incident wave-front is travelling reflexion may 
be represented as the integrated effect of disturbance by spherical waves 
emanating from those parts of the reflecting surface that are successively 
affected by the incident wave. On the principle of rectilinear propagation 
(p. 6), a plane wave-front XY (fig. 17) which impinges upon a plane surface 
AB may be regarded as exciting disturbance along YX', the part of the surface 
contained between the two rays R and S drawn at right angles to the front. 
The disturbance begins at Y and reaches X' after the distance XX' has been 
traversed. In the meantime the disturbance originating from Y will have 
spread out into a spherical wave of which the section is the circle passing 
through Yi with centre Y and radius YYj. Since only one homogeneous 
medium is concerned in the transmission, the velocity of travel will be the 
same as for the incident plane wave. The elementary spherical wave, YY^ , 
will therefore be equal to XX'. 

Corresponding waves will be sent out from all the successive points along 
YX', and the radii will all be smaller than YYj, ultimately being zero at X', 
and all the waves will be touched by the line X'Yi which may therefore be 
regarded as a wave-front advancing parallel to itself and bounded by the rays 
Y^Si, X'Ri inclined to the reflecting surface at the same angle as the incident 
rays. 

In cases of perfect reflexion the wave-front may indeed be regarded as 
integrating the whole energy initiated by the disturbance emanating from the 
reflecting surface YX' ; the elements of hypothetical disturbance of the other 
parts of the medium compensate each other by interference. The intensity 
of the energy necessary to achieve the reflexion is gauged by the exact reversal 
of the motion at right angles to the reflecting face. 

Refraction 

% 

Perfect reflexion as represented in figs. 16 and 17 may occur when the 
surface upon which the sound is incident is rigid, and the elasticity of the 
moving air is perfect. Both these requirements are quite sufficiently well 
represented by a solid plane wall and ordinary air. But there are many inter- 
esting cases of the transmission of sound through the atmosphere when there 
is a change of transmission in consequence of change of temperature. Where 
there is discontinuity of temperature, partial reflexion will take place, the 
greater part of the energy being devoted to forming a wave in the new medium 
or in the old according to the^angle of incidence. 
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For the purpose of illustration we will suppose that the two media are 
separated by a plane surface and that each is homogeneous, which for the 
purpose of transmission of sound means that it is of uniform temperature, the 
one T2 and the other of which we will suppose to be the higher. 

In this case only part of the energy of the disturbance caused at Y (and other 
points along YX') by the incident wave XY in the medium Tg will find its 
integral in the wave-front X'Y^ in the same medium, the remainder will 
excite disturbance in the medium on the other side of the surface. But 
here the velocity will be different as it depends on the temperature. In the 
case which we have represented the velocity will be larger in because the 
temperature of Ti is higher. 

In fig. 17 if the change of temperature at the boundary be assumed for 
purposes of illustration to be 30tt, from 273tt to 303tt (an assumption which 
can only be justified in exceptional circumstances) the velocities in the two 
media will be 332 m/sec and 350 m/sec. The transmission of the sound in the 
warmer medium will be represented by the spreading out in of the dis- 
turbance from Y over a spherical front with radius Yy^ which bears to YY^ 
the ratio 350/332, i.e. 1*055. The diagram is drawn to scale and the wave- 
front which integrates the disturbance of the second medium Tj is represented 
by X'yi , the tangent drawn from X' to the circle centre Y and radius 1*055 Y Y^ . 
The portion of the new wave-front excited by the disturbance incident upon 
X'Y is bounded by the rays Ys^, X'ri and these are inclined to the normal to 
the surface at an angle j related to the angle i of incidence by the equation 
350 sin i = 332 sin/. 

Thus if the angle which the incident ray makes with the normal to the 
surface of separation is 70° the refracted ray is deviated through 12® from the 
incident ray; or expressing the same facts in another way, the wave-front is 
turned through an angle of 12° counter-clockwise, and is more nearly vertical 
by 12° than the incident front. A vertical front implies horizontal motion, 
so the rays (which mark the direction of motion) are by 12° more nearly 
horizontal in the medium T^ than in Tg . 

Diffraction 

We have based the explanation of the phenomena of transmission of sound 
on the hypothesis of the integration of disturbances emanating from different 
parts of an advancing wave-front. If the reader wishes to convince himself 
of the scientific propriety of that hypothesis he cannot do better than try 
an experiment which the late Lord Rayleigh used in order to demonstrate the 
acoustic analogy of the optical experiment of “ Huyghens’s zones.’' It may be 
recalled that when Fresnel presented to the French Academy his undulatory 
theory, which relies upon the hypothesis of the interference of vibrations, 
Poisson pointed out that it would follow from the theory that there should 
be a bright spot at the centre of a shadow of a circular obstacle thrown on a 
screen by a luminous point ; and on trial that prbved to be the case. Huyghens’s 
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zones consist of a central circular disc to form the shadow, and concentric 
rings surrounding it, each of the same area as the central circle with inter- 
vening circular spaces also of the same area. Such a series of zones concentrate 
the light from a luminous point like a lens.The experiment works perfectly 
also with sound, the zones being on a larger scale than those used for light. 
They can be cut out of any opaque material. 

Shadow phenomena with sound are sharper for smaller wave-lengths ; the 
experiment with Huyghens’s zones is most effectively shown by the high 
note of a whistle or a bird-call” 


or an electric whistle and a sensitive 
flame ; but anyone who likes to try 
it on the larger scale of waves of a 
metre length may safely be promised 
an effective demonstration. 

It must be remembered however 
that the zones have a focus like a 
lens, because the condition of con- 
current reinforcement of the disturb- 
ance, from corresponding rings of all 
the zones, at a single central point is 
that the difference of path to the 
centre of the shadow from one ring 
of opacity and from the next should 
be a wave-length or an exact multiple 
of it. 

The diffraction of a sound-wave 
is quite similar to the diffraction of 
a water-wave by a screen represented 
in fig. 8. A series of parallel open- 
ings forming a grating for sound- 
waves is exhibited in the photograph 
of fig. 18 which was obtained by the 



Fig. 18. A sound-wave reflected from and 
transmitted by a diffraction grating ; both, the 
reflected and transmitted systems of waves 
are in complete accord with Huyghens’s 
principle. (Foley and Souder, loc. cit. fig. 16, 
Photograph 25.) 

^‘The grating was made by cutting four 
equal and equally spaced rectangular slits 
in a strip of sheet tin. The slits were 7 mm 
wide and 35 mm long, with a strip of tin 
7 mm wide between the openings. The tin 
was tacked to a wooden block which served 
as a supporting base. The grating is placed 
with its apertures parallel with the spark 
gap.” In the photograph the positions of the 
slits are shown by a thinner shadow than 
the adjacent reflecting surfaces. 


same procedure of successive electric sparks as that employed for fig. i6. The 
secondary wave-fronts of reflexion from the bars and of transmission through 
the openings are clearly shown. 


WAVE-FRONTS IN THE ATMOSPHERE 

In representing the reflexion and refraction of sound on the hypothesis of 
wave-motion we have supposed we might deal with a plane wave-front. But 
in the atmosphere sounds have generally to be considered as coming from a 
point as source, or something like it, and as spreading out originally in spherical 
waves. An actual wave-front may become approximately a plane wave-front 
at a distance from the source, either by the gradual increase of the radius or 
by some effect of the varying velocity upon the shape of the front. 



42 


II. SOUND-WAVES 


It will therefore be of interest to consider the transmission of sound rather 
as the life-history of a wave-front originally spherical than as the operation 
of radiation in straight lines, understanding that the velocity of transmission 
at any part of the front is at right angles to the front and depends on the 
temperature of the air. 

The effect of temperature 

Let us suppose a source of sound such as a fog-horn near the surface of 
the sea. After one second from the start the front may be represented by a 
hemisphere. We may also suppose that the temperature is falling off rapidly 
with height, but is not appreciably altered in any horizontal direction. 
The part of the front in the zenith will accordingly move more slowly 
than along the horizon, and when the wave-front reaches the stratosphere 
it will have become flattened (fig. 19). From that position, if the stratosphere 
is isothermal, the upward velocity will not change. 

/////// / \ \ WWW 

Fig. 19. Refraction of sound. Wave-fronts of a sound-wave, originally spherical, in 
an atmosphere in which the temperature falls off with height, but is uniform in the 
horizontal The diagram is drawn approximately to scale for a change of temperature 
from 300tt at the surface to 230tt at 10 km 

The width of the diagram is zoo km and the height 10 km, the interval between 
successive wave-fronts is 30 seconds 

With an approximately uniform lapse-rate between the stratosphere and 
the surface, the lower layers, with the exception of that which is affected by 
the ground, will travel faster than the higher, and the wave-front will tend 
more and more to face the sky and the sound-ray to leave the earth. Hence 
we may conclude that elevation of the receiving station improves the hearing 
of a distant sound. That may afford an explanation of the better hearing of 
surface sounds in the car of a balloon than the hearing at ground-level of a 
sound originatmg at the balloon 

The effect of wind 

If the air in which a sound-wave is travelling is itself m motioil, the velocity 
of travel of the sound will be increased by the velocity-component of the wind 
in the direction of motion of the sound, and correspondingly diminished by 
the oppositely directed component. Similarly thq sound will be refracted by 
a cross-wind. 

If we confine our attention to the travel of the sound in the line of the wind 
we may think of the nearly vertical sides of a spherical wave round the point H 
in a wind represented in direction by the arrow (fig. 20). If we may suppose 
the velocity of the wind to increase continu.ously with height the spherical 
shape will be distorted and both the fronts will be turned counter-clockwise. 
To an observer at A, up-wind,,the deviation of the front will cause that part 
of it to move upward and be lost. At B, down-wind, the front will be bent 
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downward and part of the energy of the front, which would otherwise have 
gone overhead, will come down to the ground. It follows that at the surface 
sound will be stronger and remain audible at a greater distance down-wind 

v- ( r^ \ \ w. '.'.y 

B H A 

Fig. 20. Refraction of sound by wind. Wave-fronts of a sound-wave, originally 
spherical, in an atmosphere in which the wind increases rapidly with height. In the 
diagram the direction of the wind is represented by the arrow from right to left. 
The velocity is assumed to vary from 3 m/sec at the surface to 22 m/sec at i km. At A 
facing the wind the wave-front is bent upwards ; at B with its back to the wind the 
front is bent downwards. 

The width of the diagram is 20 km and its height i km ; the interval between 
successive wave-fronts is 3 seconds. 

than up-wind. This is certainly the case for the layers nearest the surface 
in which the increase of velocity with height is very notable. 

These changes can be included in the general term of the refraction of 
sound by wind. 

Transmission in an irregular atmosphere 

Near the surface the sound-wave will be constantly frittered away by the 
surface-obstruction in the manner which we have described on p. 37 and the 
energy of the upper part will be utilised to supply sound to more distant 
places. 

If the atmosphere is made up of a mixture of pockets of cold and warm 
air in juxtaposition the maintenance of a regular front will not be possible 
and sound will in consequence be weakened. All these conditions may occur 
in the case of thunder when the atmosphere is notoriously complex in its 
structure. ^ 

Thunder has been recognised as audible two minutes after the lightning, 
which would imply a distance of 40 kilometres, but that is quite unusual. 
Twenty seconds or thirty seconds, which would correspond with a distance 
of 7 km or 10 km, is a more normal figure for the limit of audibility. 

In commenting upon the statement of a correspondent at Tung ^ Song, S. Siam, 
that he had recently, without question, timed thunder to reach him 200 seconds after 
flashes from a distant storm, and that it was not rare for thunder to be heard 180 
seconds after lightning during the distant February and March storms, the editor 
of the Meteorological Magazine quotes 75 seconds as a limit rarely exceeded but cites 
observations of 255 and 310 seconds on 5 September 1899 at Nordeney noted by 
Veneema in Das Wetter ^ and refers to a later observation of 600 seconds. 

(Meteorological Magazine, June 1928, p. 113.) 

Considering the vast amount of energy (10^® joules) which is released in 
a flash of lightning, the distance at which thunder is normally audible is 
surprisingly small. The sound of gunfire or of exploding meteors travels far 
greater distances. 

The curious reverberation of thunder lasting for 15 seconds or even 
30 seconds needs some explanation. Its irregularity may be due partly to 
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the great length of the discharge and partly to the branching of the flashes, 
to which we shall refer in chap. ix. The discharge may be distributed over 
several places some miles apart. In a thunderstorm which occurred at 
St David’s flashes several miles in length crossed the zenith. 


Transmission i 

The special case of an inversion 
or counterlapse of temperature 
requires consideration because the 
temperature may increase consider- 
ably with height and the consequent 
refraction has an important influence. 
The wave-front in an inversion will 
be elongated vertically and flattened 
on the sides, and the energy will be 
brought more nearly to horizontal 
transmission, strengthened in the 
sides, weakened at the top, in a 
manner which is indicated by the 
wave-surfaces and rays of fig. 21. 
accompaniments of frosty nights an( 
on such nights. 


a counterlapse ^ 



of temperature, much exaggerated. 

Inversions at the surface are common 
[ distant sounds are proverbially audible 


LIMITS OF AUDIBILITY. ZONES OF SILENCE 

The principles of transmission which have been described have found 
expression of late years in the investigation of the audibility of the sound of 
distant guns or other explosions. The subject is treated in a paper by Prof, E. 
van Everdingen^ before the Amsterdam Academy in 1916. The general features 
of the different cases are first a zone of normal audibility within which sound 
travels along the surface with continuous loss of the local intensity of the 
energy as represented in fig. 15 until it is so weakened as to be inaudible. 
Surrounding that is a zone of silence withm which the sound is inaudible ; 
and surrounding that again a second zone of audibility which may be called 
abnormal, and beyond that again may be other zones. The order of magnitude 
of these zones will be gathered from the information which is cited in the 
several examples; but making a hasty generahsation the zone of normal 
audibility is in every way irregular; the inner boundary of the first zone of 
abnormal audibility is about 160 km from the source. This generalisation of 
the results of observation can only be regarded as surprising if we consider 
the matter from the point of view of the energy employed in producing sound. 
In a lecture before the Royal Institution in 1897 Lord Rayleigh gave 2700 
kilometres as the limit of audibility of a fog-signal taking 60 horse-power 

1 *The propagauon of sound m the atmosphere,* K, Akad van Wetenschappen te Amster- 
dam, Proceedings No 6, vol xviii, pp 933-960, 1915 
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(45 kilowatts) assuming that the energy is distributed according to the law 
of inverse square of the distance from the source. 

Van Everdingen gives a number of examples obtained on casual occasions 
in Europe and specially of the sound of volcanic eruptions in Japan. After 
the war the subject was taken up by the International Commission for the 
Exploration of the Upper Air and subsequently a special Commission was 
appointed by the International Meteorological Committee^. Investigations 
have been made in the cases of accidental or deliberate destruction of ex- 
plosives: at Oppau on 21 September 1921, at Oldebroek in October 1922, la 
Courtine in May 1924, and at Jiiterbog on several occasions between the 
years 1923 and 1926. The most complete explorations of cases of that kind 
are described by Ch. Maurain^ in the discussion of observations of four 
explosions at la Courtine, and by H. Hergesell in an account of the work of 
the Commission for the investigation of the sound of explosions which was 
published in Lindenberg® and summarised in the Meteorologische Zeitschrift 
for August 1927. 

Explosions at la Courtine 

The explosions at la Courtine discussed by Ch. Maurain were on 
15 > 23, 25 and 26 May 1924, and the zones of audibility on the first three 
occasions are represented in fig. 22. 

The investigation included an inquiry into the nature of the waves recorded 
upon registering microphones (T.M.) and of the sounds heard. 

On peut dire que les traces donnent Timpression que les ondes enregistrdes sont 
g^ndralement tr^s complexes. C'est d’ailleurs Timpression qu*on retire aussi des 
comptes rendus des observations k Toreille ; un grand nombre de ces comptes rendus 
indiquent le son comme double ou multiple, ou comme constituant un roulement plus 
ou moins prolong^. Presque tous les comptes rendus donnent le son comme sourd, 
bas, grave. Les ondes paraissent presenter des p6riodes variant depuis celles de sons 
graves jusqu’k environ une seconde. Les dentelures signal6es dans les exemples ci- 
dessus correspondent k des p^riodes de I’ordre de celles des sons graves. — M. Cathiard 
m'a d’ailleurs indiqu6 que lorsque les appareils T.M. donnent une dongation brusque, 
Tonde correspondante k un caract^re sonore, m€me quand le graphique ne pr^sente 
pas de dentelures k courte p^riode. 

On peut se demander si Tonde est complexe dks le d^but, ou si elle se transforme 
en se propageant et quel est le genre de cette transformation. II semble bien que 
Tonde soit complexe dks le voisinage de son origine. 


Dans les zones de reception lointaine k caractkre anormal indiqudes ci-dessus, les 
ondes ont conservd un caractkre sonore accentud. Cela peut s’expliquer d’aprks le 
mode de propagation trks probable de ces ondes, qui sera discut^ plus loin : elles parais- 
sent s’Stre 6cart6es rapidement du sol, s*toe propagdes k grande hauteur, et 6tre 
revenues ensuite au sol; elles n’ont done pas subi le genre d’amortissement d^l aux 
accidents du relief, et leurs parties k courtes p^riodes peuvent avoir conservd plus 
d’importance relative que dans la propagation prks du sol. 

^ Report of the International Meteorological Conference of Directors at Utrecht, 1923, 
Appendix H, pp. 160-1, Utrecht, 1924. 

® Annales de VInstitut de Physique du Globe, Paris, 1926, Fascicule special. The memoir 
contains a bibliography of papers by many writers. 

® Die Arbdten der Kommission zur Erforschung der Schallaushreitung in der Atmosphdre, 
Lindenberg, 1927. 
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Fig. zz. Zones of silence and zones of 
audibility on the occasion of the ex- 
plosions at la Courtine, 15, 33 and 35 
May 1 924. 

The origin of the explosion is marked 
by a cross +, zones of audibility are 
marked by circles centred at the + or by 
stipple. The regions marked by circles are 
those of ‘‘normal reception,” i.e. those 
in which the distance from the origin 
divided by the time-interval is approxi- 
mately equal to the normal velocity of 
sound ; the regions marked by stipple are 
those which received the sound with a 
velocity sensibly less than the normal. 

The figures indicate first the distance 
in kilometres of the point of reception 
from the origin of the explosion, and 
secondly the apparent velocity of propa- 
gation of the sound calculated from the 
distance measured along the surface. 

(From Ch. Maurain, ‘ Sur la pro- 
pagation des ondes a^riennes.’) 

The results are summarised by 
Maurain as follows: 

Expos6 des r^sultats. II a ^t<^ observe, 
dans chaque exp6rience, une zone de 
reception centrale directe, dans laquelle 
la Vitesse de propagation ^valude par 
rapport k la distance comptde sur le sol 
est voisine de la vitesse normale du son ; 
cette zone a un d6veloppement tres dif- 
f6rent dans les diffiSrentes directions, et, 
en gros, elle est beaucoup plus dtendue 
dans la direction vers laquelle souffle le 
vent que dans la direction oppos^e. Au 
delk de cette zone, il y a de toutes parts 
une zone sans reception, puis, dans 
certaines directions, de nouvelles zones 
de reception pour lesquelles la vitesse 
apparente est notablement inf^rieure k 
la vitesse normale du son. 


Situation m^teorologique lors des explosions: 15 mai. Dans la premiere ex- 
p6rience, il y a eu une zone de reception anormale lointaine non seulement vers 
rOuest, mais aussi vers TEst ; dans cette region, le vent soufflait k ce moment du Sud 
dans les couches basses de 1 atmosphere et de l*Ouest ou du Sud Quest au-dessus de 
ces couches , sa variation de vitesse avec la hauteur 4tait peu rapide . . . Pinversion de 
temperature revei^e par le sondage de Lyon s’etend de 12000 k 14800 metres environ. 

23 mai. Region de TOuest, au-dessus de 1000 mktres, le vent etait k peu prks de 
SW, avec vitesse rapidement croissante avec Paltitude. Region du Nord, vent de SW 
de vitesse rapidement croissante avec Taltitude, Region de PEst (Lyon), au sol 
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I metre N ; a 200 metres 5 metres N ; au-dessus le vent tourne vers E, puis S en croissant 
constamment; on a ensuite 8 metres S k 1200 metres, 9 SW k 1600, 19 SWW k 4000. 
T “ 18°. Region du Midi (Toulouse-Francazal), au sol, calme. Le vent est d’abord 
NWN et faible i m^tre, puis il tourne en 6tant en moyenne d’Ouest, sa vitesse croissant 
jusqu*k 4000 metres. T = 21°. 

25 mai. Region de EOuest (Angouleme), au sol 5 metres SW; le vent reste k peu 
pr^s SW jusqu’k 2400 metres en passant par les valeurs, 7, 9, 10, 12, 9, 8, 9. T — 14°. 
Region du Nord (Le Bourget), vent SSW au sol, SW au-dessus jusqu’ii 1600 metres, 
croissant d’environ 5 m^itres k 13 mhtres. T = 13°. Region de TEst (Lyon), vent 
NNW I m^tre; les nuages viennent du S. T = 10°. Temps tr^s nuageux. L'obser- 
vatoire de Fourvi^re k Lyon indique au sol un vent dW mod^r^, et pour les nuages 
un mouvement venant de I’W. En d’autres points de la r6gion les nuages sont indiqu6s 
comme venant du SW ou de WSW. Rdgion du Sud (Toulouse-Francazal), le vent 
est faible et k peu pr^s du N jusqu’k 1000 metres; au-dessus il tourne jusqu^k W en 
augmentant de vitesse jusqu’k 15 mtoes k 2000 metres. T = 16°. 

Explosions atjilterbog 

Two striking examples of normal and abnormal audibility, 3 May 1923 
and 26 June 1926, are represented in the illustrations of HergeselFs paper. 
In that of 3 May 1923 there is a central zone of audibility quite unsymmetrical 
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Fig. 23. Charge of 1000 kg at Jiiterbog Fig. 24. Charge not stated at Juterbog 
on 3 May 1923. The shaded areas show on 26 June 1926. 
the regions of audibility. 


with reference to the locus of explosion. This is surrounded by a zone of 
silence, that again by a zone of abnormal audibility, another zone of silence 
and another zone of audibility. That of 26 June 1926 has a very small central 
zone of audibility symmetrical about the centre, that again surrounded by a 
zone of silence in this case remarkably broad, and that again by a narrow 
zone of abnormal audibility. 

These shapes are more regular than those which are represented in van 
Everdingen's paper or in those of other investigators. We must conclude that 
the distribution of the audibility, though expressing some general principles, 
is still dependent upon the conditions of the’ atmosphere on the occasion in 
ways which are not yet exactly traceable. 
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Theories of abnormal audibility 

It is generally accepted that the central zone of normal audibility expresses 
the direct transmission of the pulse of pressure along the ground or in the 
atmosphere lying immediately upon it, that the zone is limited by attenuation 
of the energy of the sound below the capacity of the human ear or the 
mechanical substitute for that organ employed by experimenters. 

It is also generally accepted that the abnormal audibility beyond the zone 
of silence is produced by a sound-wave coming from above, diverted from its 
original upward direction by some feature of the atmospheric structure. We 
have seen that the refraction of sound is dependent upon the change of 
velocity of transmission, and that again may be affected by change in the 
wind-velocity with height, change in temperature, or change of chemical 
composition. 

All these have been invoked to explain the abnormal audibility of sound. 
Fujiwhara and de Quervain have based the effect on changes in wind-velocity, 
von dem Borne has cited the supposed transition from the ordinary mixture 
of gases to helium, hydrogen or geocoronium at such great heights as loo kilo- 
metres (see vol. II, fig. 14). Everdingen came to the conclusion that neither 
of these would give a quantitative explanation, and indeed the changes of 
velocity of wind compared with the velocity of sound form rather a shifty 
foundation for them, and still more shifty is the hypothesis of the absence 
of mechanical mixture of the atmosphere at great heights which belongs, if it 
exists, to the unexplored hypothetical. There remains the hypothesis of 
changes of temperature. That is attributed to Wiechert by Hergesell; it has 
recently been substantially encouraged by the investigations of Lindemann 
and Dobson^ on the phenomena of meteors which ended in the suggestion of 
the occurrence at 100 km of high temperature, as high or higher than those 
at the earth’s surface. The probability of the existence of such a layer is 
enhanced by the requirements of wireless telegraphy (ii, p. 35). The explana- 
tion of the abnormal audibility of sound on this hypothesis has been set out 
by F. J. W. Whipple^. It has been shown already that, if thick enough, a layer 
of air in which temperature increases with height, must ultimately turn a ray 
of sound downwards. The thickness required is not great for rays which reach 
the beginning of an inversion at an angle of incidence of 45° or more. Con- 
sequently we may look upon the observations of abnormal audibility as an 
avenue to the knowledge of the structure of the regions of the atmosphere 
beyond the range of ordinary meteorology. 

The behaviour of a wave-front in an atmosphere made up of two layers 
of different temperatures (sufficiently different to give a change of velocity of 
10 per cent.) without an intervening transition layer is represented in fig. 25. 

^ F. A. Lindemann and G. M. B. Dobson, Proc. Roy. Soc. A, vol. cii, 1923, p. 41 1 . 

2 F. J. W. Whipple, Nature, vol. cxi, 1923, p. 187, vol. cxii, p. 759; F. A. Lindemann 
and G. M. B. Dobson, ibid. vol. cxi, p. 256; and F. J.W. Whipple, Meteor. Mag., London, 
vol. Lix, i924» PP- 49-52; Second report on Solar etc. Relationships, International Research 
Council, Paris, 1929. 
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O is the source of sound from which spherical waves spread out. Allowing 
a distance of five millimetres on the diagram between the waves, they reach 
the surface of change of temperature successively in A4, Ag,. . .An,. 

From these points secondary waves are set up in the warmer medium in 
the form of spheres which succeed one another at intervals of 5*5 mm cor- 
responding with the velocity of propagation in that medium. The circles of 
radius 5-5 mm, ii mm, 16*5 mm, etc. represent the spherical surfaces reached 
by the waves. For example, by the time the incident wave has reached A7 
the disturbance from A4 will have traversed a radius of 16*5 mm, that from A5 
1 1 mm and from A^ 5-5 mm. The wave-front in the new medium will be the 
surface which, passing through A7 , touches the sphere of single radius from 
Ar , of double radius from A5 and of treble radius from A4 . 



Since the rate of advance in the new medium is greater than in the old and 
the distances A4A5, AgAg, are successively smaller and approach 5 mm as 
a limit, while the radii of the spheres in the new medium are multiples of 
5*5 mm, the tangent curve which defines the new wave-front will become 
steeper as the wave advances in that medium. The energy will be concen- 
trated near the surface of discontinuity as compared with the zenith until 
a point is reached where the tangent surface is vertical. The figure shows 
that at Aio a vertical plane will touch all three surfaces. 

Beyond that point no tangent surface to the* wave in this medium can be 
drawn from the point An and no further progress on those lines is possible. 
We must now therefore turn our attention to the disturbance in the original 
medium as the outlet for the energy of the wave, and assuming that the 
energy can be disposed in this way we obtain a wave-front of reflexion AnY. 
and a ray which is directed downwards. 

Thus for the transition between the wave-front and the wave-front A^Y 
we may invoke the aid of a change of temperature with height so rapid that 
it is equivalent to discontinuity ; its effect is known as. total reflexion. 

In the lower layers of the atmosphere where the temperature diminishes 
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with height the wave-front moving from left to right will be turned counter- 
clockwise and the ray bent upwards as in fig. 19, and only that part of the 
front which possesses a sufficiently large angle of incidence on the layer of 
increasing temperature can be turned downwards. 

By assuming a distribution of temperature with height it is possible to 
calculate the path of a ray which leaves the ground sufficiently near to the 
horizontal to get turned downward at the layer of higher temperature. 

F. J. W. Whipple gives a path in a diagram reproduced in fig. 26. He 
takes a cycloid as the curve in the troposphere, a straight line in the strato- 
sphere and an inverted cycloid in the transition to the high temperature 
layer. 


km. 

60 UL 



Fig. 26. Path of a sound-ray, originally horizontal, through the troposphere, stratosphere 
and lower empyrean {Meteorological Magazine y vol. Lix, 1924, p. 51). 

In the troposphere a uniform lapse-rate of temperature of 6tt per km, from aSstt at the surface to azstt at 
10 km, is assumed, and the path in that region is taken as a cycloid; in the stratosphere with a uniform temperature 
of aastt the path is a straight line; in the upper layers with a uniform increase of temperature of 6tt per km 
from aastt at 50 km to aSstt at 60 km the path is taken as an inverted cycloid. 

In the conditions specified the total horizontal range is 322 km, the time taken by the sound is i q minutes and 
the apparent speed ago m/sec; if the sound could have passed along the earth’s surface vith the uniform speed 
appropriate to the temperature aSstt jit would have travelled the same distance in i6 minutes. 

But if it be indeed atmospheric temperature that accounts for the main 
features of these interesting phenomena, the lower atmosphere will have a 
good deal to say about the details of distribution. 

A ray of sound passing through a layer of continuously diminishing tem- 
perature is bent upwards and will be bent upwards differently on different 
occasions. But the reversal of the upward direction depends upon the angle 
of incidence as well as upon the distribution of temperature. Hence we have 
the possibility of all sorts of effects that are comparable with the effects of 
lenses upon light. 

With the extension of the use of sound for measuring distances and for 
supplying evidence of atmospheric structure these inquiries form an im- 
portant part of modem meteorology. 

THE IRREGULAR TRANSMISSION OF SOUND 

In all the representations of the state of the atmosphere which have been 
put before the reader in explanation of the features of the audibility of sound 
we have had in mind a stratification of the atmosphere in layers of continually 
diminishing or continually increasing temperature. It is hardly necessary to 
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say that the atmosphere does not allow its behaviour to be completely classified 
in that way. There are often local patches of inversion of lapse-rate, and nearly 
always changes of temperature within horizontal layers which have an influence 
upon transmitted sound comparable with those ojf the same kind of distribu- 
tion on the greater scale. All the complications of the structure of the atmo- 
sphere come into consideration when the details of transmission of sound 
are being discussed. It is in the use of sound-transmission for what is called 
sound-ranging, that is to say the determination of the position from which a 
distant sound has emanated, that the details of the thermal structure of the 
atmosphere are of importance. It is to these details that the vagaries of the 
audibility of fog-horns or other sounds at sea must be attributed. 

Now Prof. Tyndall found that from the cliffs at the South Foreland, 235 feet high, 
the minimum range of sound was a little more than 2 miles, and that this occurred on 
a quiet July day with hot sunshine. The ordinary range seemed to be from 3 to 5 
miles when the weather was dull, although sometimes, particularly in the evening, 
the sounds were heard as far as 15 miles. This was, however, only under very excep- 
tional circumstances. Prof. Tyndall also found that the interposition of a cloud was 
followed by an almost immediate extension of the range of the sound. I extract the 
following passages from Prof. Tyndall’s Report: — 

^‘On June 2 the maximum range, at first only 3 miles, afterwards ran up to about 
6 miles. 

“Optically, June 3 was not at all a promising day; the clouds were dark and 
threatening, and the air filled with a faint haze; nevertheless the horns were fairly 
audible at 9 miles. An exceedingly heavy rain-shower approached us at a galloping 
speed. The sound was not sensibly impaired during the continuance of the rain. 

“July 3 was a lovely morning : the sky was of a stainless blue, the air calm, and the 
sea smooth. I thought we should be able to hear a long way off. We steamed beyond 
the pier and listened. The steam-clouds were there, showing the whistles to be active; 
the smoke-puffs were there, attesting the activity of the guns. Nothing was heard. 
We went nearer; but at two miles horns and whistles and guns were equally inaudible. 
This, however, being near the limit of the sound-shadow, I thought that might have 
something to do with the effect, so we steamed right in front of the station, and halted 
at 3 J miles from it. Not a ripple nor a breath of air disturbed the stillness on board, 
but we heard nothing. There were the steam-puffs from the whistles, and we knew 
that between every two puffs the horn-sounds were embraced, but we heard nothing. 
We signalled for the guns ; there were the smoke-puffs apparently close at hand, but 
not the slightest sound. It was mere dumb-show on the Foreland. We steamed in 
to 3 miles, halted, and listened with all attention. Neither the horns nor the whistles 
sent us the slightest hint of a sound. The guns were again signalled for; five of them 
were fired, some elevated, some fired point-blank at us. Not one of them was heard. 
We steamed in to two miles, and had the guns fired: the howitzer and mortar with 
3 -lb charges yielded the faintest thud, and the 1 8-pounder was quite unheard. 

“In the presence of these facts I stood amazed and confounded; for it had been 
assumed and affirmed by distinguished men who had given special attention to this 
subject, that a clear, calm atmosphere was the best vehicle of sound: optical clearness 
and acoustic clearness were supposed to go hand in hand.” 

* (Osborne Reynolds, ‘ On the refraction of sound by 
the atmosphere,’ Proc, Roy. Soc. No. 155, 1874.) 

Osborne Reynolds adds the following comment: 

Here we see that the very conditions which actually diminished the range of the 
sound were precisely those which would cause the greatest lifting of the waves. And 
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it may be noticed that these facts were observed and recorded by Prof. Tyndall with 
his mind altogether unbiassed with any thought of establishing this hypothesis. He 
was looking for an explanation in quite another direction. Had it not been so he 
would probably have ascended the mast, and thus found whether or not the sound 
was all the time passing over his head. On the worst day an ascent of 30 feet should 
have extended the range nearly J mile. 

For these we have only the changes in the velocity of sound to consider 
which depend upon temperature and humidity. Temperature cannot alter 
the velocity by more than 5 per cent., and humidity by not so much as 2 J per 
cent. With such small differences, however, variations in direction can be 
explained which are sufficient to account for some of the vexatious experiences 
of inaudibility. With sound, regarding the zones of abnormal audibility as 
the equivalent of mirage, we may find analogies to all the phenomena of 
reflexion, refraction and mirage which are described in the next chapter as 
exhibited by waves of light. 

At the close of chap, v we shall refer to the variations in the local strati- 
fication of the atmosphere produced by solar radiation which in this chapter 
are regarded as the proximate cause of the irregularities of atmospheric 
acoustics. 

SOUNDS OF METEOROLOGICAL ORIGIN 

Quite apart from any immediate consideration of the rate of travel or the 
point of origin there are many phenomena of sound which are definitely 
associated with wind or weather and ought not to pass unnoticed by the 
scrupulous meteorologist. In the second edition of his book on the Physics 
of the Air, W, J. Humphreys has devoted a chapter to these phenomena. 
Therein are included besides thunder, the brontides (mistpoeffers) or “ Barisal 
guns” of the Bay of Bengal which are apparently seismic, the howling of the 
wind, the humming of wires (with which may be associated the whispering 
of trees), the murmuring of the forest, the roaring of the mountain and the 
tornado. 

These phenomena have a meteorology of their own better expressed, 
perhaps, by the poets than by a physical laboratory. In level regions and 
indeed everywhere except in steep sloping valleys there is stillness in the 
air before dawn. It is prosaically explained as due to the absence of thermal 
convexion in a region of counterlapse ; but experience teaches us to regard 
it as natural, and the unnatural sound was too disturbing to be disregarded 

When waken’d by the wind which with full voice 
Swept bellowing thro’ the darkness on to dawn. 

(Tennyson, Gareth and Lynette.) 
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We pass on now to deal with waves of light which are the cause of so many 
impressive phenomena in the atmosphere. At the outset it will be necessary 
to bear in mind the composite nature of the waves of light. We have men- 
tioned the possibility of complexity in the case of water-waves and sound- 
waves, but the complexity of the apparent motion of the aether which con- 
stitutes light is even more involved. The wave-length of visible light ranges 
from *4 micron to -8 micron^ and waves of every length between those two 
limits may be found either in sunlight or in its substitute the electric arc. 
Sunlight itself is in fact deficient in light of many small groups of wave-lengths, 
but their absence is attributed to absorption by the sun’s external envelope, 
called its chromosphere, not to the peculiarity of the original source, the 
photosphere. There are rays, as shown in fig. ii of vol. II, longer than the 
limits specified ; but we deal with those in a subsequent chapter. 

If, for the time being, the original nature of sunlight may be omitted from 
the phenomena which we are called upon to explain, diffused daylight, twi- 
light, the twilight arch, the blue colour of the sky, the colours of the sunrise 
and sunset should first claim our attention. 

The behaviour of light transmitted through a medium of varying density 
like the atmosphere may be treated in a manner quite similar to that which 
we have employed for the consideration of the transmission of sound. The 
changes in the attitude of the wave-front can be related to changes in the 
velocity of travel of the disturbance. With light the velocity of travel depends 
on the density of the iriedium, progress being slower in the denser layers ; 
allowance must also be made for any change in the composition of the medium. 
For its travel ‘‘through space,” whatever that may mean, a velocity of 3 x lo’-® 
centimetres per second is assigned, as determined first by the occultations of 
the satellites of Jupiter, and more or less confirmed by experimental measure- 
ments on the earth by Fizeau who used a toothed wheel to determine the time 

\ Micron: i /a = io“® mm = lo”® m ; millimicron : i == 10"® fjt. lo”® m. 

AngstrSm unit: i au — 10"^® m, or tenth-metre. 

I should like to plead for symbols for micron and millimicron which would be consistent 
with the general practice as regards c, g, s, units, and allow the use of pi for refractive index 
as in the sequel. N.S. 
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of travel over 6 or 8 miles, and Foucault who used the rotation of a beam by 
a revolving mirror to indicate the interval for the travel of light over a few 
metres. The latest determination by Michelson of the velocity of light through 
space is 2*99797 x 10^® cm/sec. For meteorological purposes 3 x 10^® cm/sec 
is near enough. 

REFRACTION AND DISPERSION 

It is the hypothetical luminiferous aether, free from any ordinary material, 
which is called upon to carry the energy of light through space at that 
speed; after it has passed into glass with refractive index /^, it behaves as 
though its velocity had been reduced in the ratio of i to /x. The relation 
between velocity and refractive index on the hypothesis of transmission 
by wave-motion without any alteration of frequency of vibration can be 
established in exactly the same way as that for the transmission of sound 
on p. 40. Thus for light which passes from one homogeneous medium 
wherein the velocity is V to another in which the velocity is V\ crossing a 
plane surface where the angle of incidence (i.e. the angle between the ray 
and the normal to the surface) is and the angle of refraction is ;, we have 
the formula sin ijsmj = VjV'^ /x. 

For air at pressure 760 mm (loismb) and the freezing-point of water, 273 tt, 
fjL = 1*0002918 for light of wave-length *5893 micron (Sodium D). 

The velocity of this light in standard air is consequently 2*99797 x 10^71*0002918, 
i.e. 2*997095 X 10^^ cm/sec. For air of the same composition at other temperatures 
or pressures - i)/p is constant, and equal to *000291 8/*ooi 293 or *2257. 
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Fig. 27. Curves showing the relation of index of refraction to wave-length according 
to a scale on the right-hand side for aether to air at two temperatures (the lines are 
thickened to indicate the difference between dry air and saturated air) and on the 
left-hand side for air to glass and water and one value for ice. 


In every medium except the aether the velocity of light is different for 
waves of different length. Hence the index of refraction is different and the 
deviation caused by refraction. The difference for the different colours is 
called the dispersion of the colours. It is dispersion which produces the 
spectrum, the order of deviation being infra-red least, red, orange, yellow, 
green, blue, violet successively greater and ultra-violet greatest. 
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By the same process, assuming that light is retarded by the atmosphere 
in proportion to its density, that is to say that its velocity is diminished in 
proportion to the mass of the atmosphere which a beam of definite area has 
to cross, we can explain the apparent displacement of the heavenly bodies 
as by refraction, according to a formula which is set out by Lord Rayleigh 

Sd = (jj,,- i) tan 0 - - i) ) tan 3 6 , 

where 8 is the zenith distance as observed, [jls the refractive index of air at the 
surface (depending on its density since /x- — i is directly proportional to the 
density), H the height of the homogeneous atmosphere, and 0 the earth’s 
radius. 

“If H =i= 7-990 X 10® cm, O = 6*3709 X 10® cm, and — 1 — *0002927, all closely 
approximate values, then 

td — 60*29''' tan 6 — o*o6688" tan® 6 . 

This is Lord Rayleigh’s final equation, and it appears to be exceedingly accurate 
for all values of 6 up to at least 75®, or as far perhaps as irregular surface-densities 
generally allow any refraction formula to be used with confidence^.” 

For a star at an elevation of 45° the correction for refraction would be 60*22". 

The calculation of the effect of refraction is much simplified if we disregard the 
curvature of the earth and of the layers of atmosphere above its surface. The pheno- 
mena are then treated as belonging to a series of plane layers of air of which the density 
diminishes with height. In that case the deviation of the apparent direction from 
the true direction outside the atmosphere is given by the refractive index at the surface 
sin i = /xg sin 7, . . ... \ • 

sm 2 — smj = (/xg — i) smy, 

and if all the angles are small, i.e. for objects near the zenith, 

1)7- 

Since the effect depends upon jug — r, which is proportional to the density of the 
surface-layer, it ought not to be regarded as the same in all places or on all occasions. 

The effect of refraction is most conspicuous in the visibility of the sun 
at rising or at setting when the' sun itself is below the horizon. The wave- 
front of the light coming from the sun is bent downwards towards the earth 
because the travel of the light is faster in the upper air than it is close to the 
earth where the density of the air is greatest. The swinging forward of the 
front may be compared with that of an advancing wave which curls round 
to face a shelving shore as described on p. 26 because the motion of the lowest 
layer is retarded. 

Lord Rayleigh’s formula is not applicable beyond 75° and cannot there- 
fore be applied to calculate the amount of refraction of a ray on the horizon 
and the consequent extension of daylight beyond the astronomical day. In 
practice an empirical formula, due to Bessel, is used, which for pressure 
ioi3mb and temperature 283^ gives approximately 34' below the horizon 
as the angle of incidence of the first and last rays of sunlight, subject to cor- 
rection for departure from the normal of the density of the surface layer of 

^ W. J. Humphreys, Physics of the Air, 1920, p. 439. 
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air. The range of density at the surface may correspond with loomb and 
loott altogether, and assuming that the effect is proportional to the change 
of density the allowance of elevation might vary from 30 minutes to 48 minutes 
of arc. 

In any ordinary case the extension is small, but on occasions it has been 
noticed. Pernter cites a case in which the sun and moon were both visible 
during an eclipse of the moon, when according to astronomical calculations 
sun, moon and earth were in line. Either the sun or the moon must have been 
below the geographical horizon. The elevation of each of them through 15' 
of arc would have brought both above the horizon, and that is well within 
the limits which we have computed. 

In the formula for the length of daylight which we have quoted in vol. i, p. 44> as 
the result of observation, an increase of the sun’s elevation of 34' is allowed; that is 
to say the centre of the sun is regarded as visible when the ray coming from it is at 
34' below the horizon. From that formula the duration of insolation has been com- 
puted in the International Tables. We give the following table to show the effect 
of refraction upon the duration of visibility of the sun in different latitudes for different 
times of the year according to the sun’s declination. 

It will be noticed that at the equator the sun’s day is *08 hour longer than the 
twelve hours which should correspond with the geometry; that allows zi minutes 
sunlight, morning and evening, on account of refraction. In latitude 80°, on account 
of the small inclination to’ the horizon of the sun’s apparent path in the sky, the 
allowance at the equinoxes is thirteen minutes, -zi hour, morning and evening. 

'Duration of insolation in different latitudes for different values of 
the sun^s declination 8 
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12-00 
+ -08 

12-58 

•08 

I3'2I 

-09 

13*93 

-10 

14*85 

■12 

16-15 

•15 

18-50 

•25 

24*00 
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12-00 

•22 

12*00 

•42 

o°oo' 

it 


The table is made out for the northern hemisphere and for the sun north of the equator. 
The first line gives the number of hours according to geometrical calculation, the second line 
the fractions of an hour added by refraction. To obtain the duration of insolation for the same 
hemisphere when the sun is south of the equator the values given in the upper lines of the table 
must be subtracted from 24*00 ; the allowance for refraction is unaltered. 

The table applies equally for the southern hemisphere for the sun south of .the equator. 

For example to find the duration of insolation in London on 30 Sept. 1924, we have 
latitude 51° 28' N, declination S 2*8® S, whence interpolating for the two columns we get 
24 * 00 - 12*47 + *12= ii*6sh. 
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The geometrical horizon 

In meteorological practice the refraction of light by the atmosphere near 
the surface shows itself in various interesting ways which differ according to 
the variations of temperature, and consequently of density in the surface 
layers. The results of the refraction are exhibited as the “looming” of 
distant objects, the lifting or lowering of the visible horizon, and the various 
forms of mirage. The phenomena are frequently seen at sea and the distant 
objects which are apparently displaced or distorted are ships, islands or ice- 
bergs with the horizon to which they belong. One of the common effects is 
that refraction brings into view an object which is actually below the true 
horizon at the time. Thus the visible horizon when there is great variation 
of density near the surface may be a very deceptive object. It may therefore 
be convenient to give here a diagram (fig. 28) from the Meteorological Glossary 
which gives the distance of the visible horizon from a point of specified 


THE DISTANCE OF THE GEOMETRICAL HORIZON FOR DIFFERENT HEIGHTS 
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Fig. 28. Showing the relation between the height in metres of a point of observation 
and the distance of the horizon, making no allowance for refraction; or between the 
height in metres of a cloud or other distant object and the distance in kilometres at 
which it is visible on the horizon from a point at sea-level. Curve I refers to the height 
scale on the left, Curve II to that on the right. 

elevation when no allowance is made for refraction, or, what is practically 
the same figure, the distance from which an object of specified height is visible 
at the surface. In order to bring the diagram within suitable limits two curves 
are given relative to two scales of height, but the results as read from either 
curve are the same. 


Looming and superior mirage 

Distortion and apparent dislocation of objects near the surface can be pro- 
duced by the coldness of the surface in relation to the layers of air above it. 
The travel of light in the surface layers is in consequence retarded. 

By the retardation the wave-front of a beam of light from a point just above 
the earth’s surface is bent forward, and consequently an observer at Q looking 
at a distant object P will see it with an apparent elevation greater than the 
actual, exceptionally greater if the density of the surface layer is exceptionally 
great. 

In that case the atmosphere will act as a prism as indicated in fig. 29. In 
the case of the prism a plane wave-front travelling along the horizon and 
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falling on the face which is nearest the object will emerge as a plane wave- 
front sloped forward. The ray in consequence will be bent downwards and 
appear to the observer to come from a point above the corresponding point 
of the object. The difference between the atmospheric effect and the prismatic 
analogy is that in the atmosphere the turning of the front is due to the velocity 
of light being less in the layers of greater density near the ground. In the 
prism the velocity of light is less in the glass than in the air but the same in 

Q A"" 

Fig. 29. The deviation from the vertical, much exaggerated, of a plane wave-front in 
an atmosphere in which density decreases with height. A similar effect produced by 
a prism of small angle is shown for comparison. 

any part of the glass ; the turning of the front is due to the different lengths 
of path through the glass of different parts of the front. Each path causes a 
lag, and there is greater lag for the longer path near the base. The end of either 
process is a^greater lag in the lower part of the wave-front which was originally 
vertical. The prism will indeed produce the same lag as a certain length of 
atmosphere with its lapse of density in the vertical, provided of course that 
the lapse of density in the air corresponds with the lapse of distance traversed 
in the prism. In fig. 29 the prism is drawn with plane faces; that is only 
justified for an atmosphere with uniform lapse of velocity of travel. Changes 
of density in the atmosphere are naturally irregular and half a cylindrical lens 
is a more apt substitute than a prism with plane sides. 

With half a cylindrical lens distant objects will appear nearer to the ob- 
server, exaggerated in size and elevation. By the corresponding process objects 
below the horizon may become visible. Conditions are favourable for the 
appearance when warm air lies on ice-cold water, and the effect is well known 
to sailors as “looming.” 

This is a form of mirage which has been distinguished as superior mirage, 
and is characteristic of notable counterlapse of temperature, sharp inversion 
of temperature-gradient, at the surface. 

A classical example is described in the following extract: 

July 26, about 5 o’clock in the afternoon, while sitting in my dining-room at this 
place, Hastings, which is situated on the Parade, close to the sea-shore, nearly fronting 
the south, my attention was excited by a great number of people running down to 
the sea side. On inquiring the reason, I was informed that the coast of France was 
plainly to be distinguished with the nalced eye. I immediately went down to the shore, 
and was surprized to find that, even without the assistance of a telescope, I could very 
plainly see the cliffs on the opposite coast; which, at the nearest part, are between 
40 and 50 miles distant, and are not to be discerned, from that low situation, by the 
aid of the best glasses. They appeared to be only a few miles off, and seemed to extend 
for some leagues along the coast. I pursued my walk along the shore to the eastward, 
close to the water’s edge, conversing with the sailors and fishermen on the subject! 
At first they could not be persuaded of the reality of the appearance ; but they soon 
became so thoroughly convinced, by the cliffs gradually appearing more elevated, and 
approaching nearer, as it were, that they pointed out, and named to me, the different 
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places they had been accustomed to visit; such as, the Bay, the Old Head or Man, 
the Windmill, &c. at Boulogne; St. Vallery, and other places on the coast of Picardy; 
which they afterwards confirmed, when they viewed them through their telescopes. 
Their observations were, that the places appeared as near as if they were sailing, at 
a small distance, into the harbours. 

Having indulged my curiosity on the shore for near an hour, during which the cliffs 
appeared to be at some times more bright and near, at others more faint and at a 
greater distance, but never out of sight, I went to the eastern cliff or hill, which is 
of a very considerable height, when a most beautiful scene presented itself to my 
view; for I could at once see Dengeness, Dover cliffs, and the French coast, all along 
from Calais, Boulogne, &c. to St. Vallery; and, as some of the fishermen affirmed, as 
far to the westward even as Dieppe. By the telescope, the French fishing-boats were 
plainly to be seen at anchor; and the different colours of the land on the heights, with 
the buildings, were perfectly discernible. This curious phenomenon continued in the 
highest splendour till past 8 o’clock, though a black cloud totally obscured the face 
of the sun for some time, when it gradually vanished. I was assured, from every in- 
quiry I could make, that so remarkable an instance of atmospherical refraction had 
never been witnessed by the oldest inhabitant of Hastings , nor by any of the numerous 
visitors come to the great annual fair. The day was extremely hot. I had no barometer 
with me, but suppose the mercury must have been high, as that and the 3 preceding 
days were remarkably fine and clear. To the best of my recollection, it was high water 
at Hastings about 2 o’clock p.m. Not a breath of wind was stirring the whole of the 
day ; but the small pennons at the mast-heads of the fishing boats in the harbour were 
in the morning at all points of the compass. I was, a few days afterwards, at Winchel- 
sea, and at several places along the coast ; where I was informed, the above phenomenon 
had been equally visible. When I was on the eastern hill, the cape of land called 
Dengeness, which extends nearly 2 miles into the sea, and is about 16 miles distant 
from Hastings, in a right line, appeared as if quite close to it ; as did the fishing-boats, 
and other vessels, which were sailing between the 2 places ; they were likewise magnified 
to a great degree. 

('On a singular instance of atmospherical refraction.’ By Wm. 

Latham, Esq., F.R.S., and A.S. Philosophical Transactions , p. 357-) 

The idea of the phenomenon being due to exceptional counterlapse of 
temperature resulting from warm air over cold sea is supported by an example 
quoted by Pern ter from Captain Cook’s South Polar voyages. 

Position by observation^ Dec. 24, 1773 Lat. 67 3 Long. E. of Greenwich 223 oj, T^rm. 33. 

5 Jan. 5, 1774 Lat. 52 12 Long. E. of Greenwich 224 45, Therm. 40. 

Journal of situation $ Dec. 31, 1773 Lat. 59 40 Long. E. of Greenwich 225 ii. 

Noon 

X773 Morn. r ^ ^ Even. 

Dec. Therm. Barom. Therm. Therm. Winds Weather, &c. 

Q-,1 33 SQ-os 35i 35 Variable Little wind and cloudy 

with sleet at times 

To-day while we were observing the meridian altitude of the sun a shower of 
snow came from the west, and passed ahead of the ship; during which a large island 
of ice, considerably within the visible horizon, and directly under the sun, was entirely 
hid by it ; yet the horizon appeared as distinct, and much the same as it usually does 
in dark hazy weather. When the shower was over, I found that it required the sun to 
be dipped something more than his whole diameter to bring his lower limb to the 
nearest edge of the ice-island, which must have been further off than the visible 
horizon, during the shower; and yet this would have been taken as the real horizon, 
without any suspicion, if it had been ever^^here equally obscured. Hence may be 
inferred the uncertainty of altitudes taken in foggy, or what seamen in general call, 
hazy weather. 
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Noon 

1774 Morn. r 'v Even. 

Jan. 30 Therm. Barom. Therm. Therm. Wind Weather, &c. 

0 31 J 28-8 32 32i ENE Mod. wind and foggy 

with snow 

Position 70*45 S, 253*29 E. 

*** This morning we discovered a prodigious large field of ice right ahead, extending 
east and west farther than could be seen from off the main-topgallant yard. At a 
distance, the whole appeared very high, and like one solid fixed mass, with many 
exceedingly high, mountainous parts in it; but when we came nearer, we found its 
edge, which before appeared upright, and of one solid piece, scarce higher than the 
water, and composed of many small pieces, close joined together, with some pretty 
large ice-islands amongst. Farther in, it yet appeared high and mountainous; but 
probably this also was a deception caused by the very great refractive power of the 
atmosphere, near the horizon in these frigid regions ; many instances of which I had 
occasion to mention in the account of my Voyage to, and residence in, Hudson’s 
Bay. Let me add here, once for all, that I have had abundant proofs of the effects 
of these extraordinary refractions on altitude of the sun etc taken from the horizon 
of the sea with Hadley’s quadrant this voyage. For, universally, I believe without a 
single exception, the east longitude shown by the watch K in the morning, fell short 
of that deduced from it in the afternoon, when both were reduced to the same mean 
time by the log, and that sometimes by 10, 12 and even 15 minutes of longitude : I mean 
when we were in high latitudes for, between the tropics, I seldom knew them differ by 
more than 3 minutes and not often so much as that. 

(The thermometer used was thought to register 33° at the freezing-point or 33^.) 

(The Original Astronomical Observations made in the course of a voyage 
towards the South Pole and Round the World in H.M.SS the Resolution 
and Adventure in the Years mdcclxxii,.iii,.iv,.v, by William Wales 
F.R.S., Master of the Royal Math'^^ School in Christ’s Hospital, and 
Mr. William Bayly late assistant at the Royal Observatory. Published 
by order of the Board of Longitude at the expense of which the observa- 
tions were made. London mdcclxxvii. p. 351.) 

Similar phenomena have also been observed on land. See Pernter, Meteoro- 
logische Optik^ 1902, p. 74 et seq. 

If the increase of temperature with height is sufEciently rapid and extensive 
there will come a stage resembling that which we have already described as 
causing the return to earth of the sound-waves. The wave-front issuing from 
a distant point will be divided into two parts ; one part reaches the observer as 
a diverging pencil of rays and the otlxer part as a converging pencil. The 
former part will give the looming of a refracted image and the latter an 
inverted image. 

Such images are described by Vince and Scoresby^. The most noteworthy 
are triple images of a distant ship ; of the three one appears on the sea, the 
other two in the sky, the upper one erect and the lower inverted. 

It is to be remarked that the notable counterlapse of temperature at the 
surface will be appealed to subsequently (vol. iv, chaps, iv, v) as representing 
a condition suitable for the formation of fog at sea when the warmer air 
travels over colder water. In fact superior mirage and fog are at least first 

1 Phil Trans. Roy. Soc. London, 1799, p. 13 ; Trans. Roy. Soc. Edin. vol. vi, p. 245 vol ix 
p. 299. 
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cousins if not twin brother and sister. In the logs which record superior 
mirage there is generally a simultaneous reference to fog. The formation of 
fog would of course prevent the appearance of ‘‘looming” and the con- 
ditions of occurrence of the optical phenomena are to that extent limited. 

Artificial mirage 

By interposing between an object and a camera a rectangular cell of sugar 
solution, with its density suitably graded, Arnulph Mallock^ has obtained 
photographs which exhibit the triple images, two erect and one inverted, such 
as those described in the works referred to. The cell is first partly filled with 
water, then sugar solution is introduced at the bottom and the distribution 
of density is determined by natural diffusion. We have reproduced the photo- 
graphs (fig, 30) because the conditions can be defined and by them we can 
trace the physical process of the triple mirage. 



Fig. 30. Photographs of the shape of a ship through a cell of water 
and syrup from the positions ^4, and Ei. (Cp. fig. 31 «.) 


By using another sample of the same solution in a hollow vertical prism 
and observing the distortion produced by it in the image of a vertical line of 
light Mallock obtained the variation from layer to layer in the refractive index 
of the light and hence in its velocity in the solution. The effect of the con- 
tents of the cell upon a parallel beam is represented in fig. 31 a. 

The curve which represents the wave-front is roughly separable into four 
parts, first a basal portion of maximum lag, due to sugar solution of uniform 
density, second a portion, concave to the observer, representing rapid transition 
from strong solution to uniform change, third a portion representing rapid 
transition from uniform change to plain water, and finally a portion with 
only the minimum lag of plain water. The original plane wave-front becomes 
therefore a front which is divisible into four parts corresponding with those 
of the curve of refraction : — the basal part by which the object is seen in its 
natural size and position if the camera is within the limits of the basal layer, 
a concave portion of converging rays which shows an inverted image in a 
camera placed beyond the crossing of the converging rays, a convex portion of 
diverging rays which shows a magnified erect image nearer to the observer 
than the object itself, and the layer of clear water on the top through which 
some portion of the object (if it is high enough) will be visible to a camera 
itself at the level of the object. Leaving the last or mast-head vision out of 

^ Nature, vol. cxxii, 1928, p. 94. 
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account we can make use of Mallock’s analysis to explain the effect of the 
distorted wave-front. Placed in a suitable position the camera shows the 
images formed by the other three parts of the wave-front. The inverted image 
is ill-defined and there may be vertical elongation or contraction in that as 
well as in the upper erect image. 

Relying upon Mallock’s experiment we can trace the formation of the three 
images. The seeing of the object directly through the layers of uniform density 
cw, wa at the top and the bottom of the cell needs no explanation. We may 
draw special attention to the formation of the images by rays which traverse 
the curved portions ba, be of the final wave-front ww. 


E4 

E* 

El 


W 

c 

b 





a *- 
w W 



Fig. 31 a. The distorted wave-front ww derived from an original plane wave-front 
WW by the inteiy osition of a cell of sugar solution of graded density, and the formation 
of images of a distant object by the distorted wave-front. 

The incident parallel beam may be taken as coming from an object 3 metres from the cell and the depth of 
solution in the cell upon which the incident beam falls as 10 cm. WW is the initial wave-front incident upon the 
cell, ww the wave-front after traversing the solution by which it is divided into cw plane front, cb curved front 
with rays diverging from successive points of the caustic de, ba curved front with rays convergent to successive 
points of the caustic e'd' and aw plane front. An eye at Ei will see an erect image along the horizontal at F, , 
a direct image at Fg and an inverted image at F3 between the cell and the eye. An eye placed at Eg will see only 
an image near Fg, and one at E3 will see an erect image at Fi and an inverted image at F3, an eye at E* will see 
only an erect image at F4. 


The portion ba concave to the observer which comes from the lower middle 
of the cell has a varying curvature, and the rays which are normal to that part 
of the front do not all meet in a point to form a perfect image but are tangential 
to successive portions of a curve called a caustic^ represented by d'e' ; an image 
will appear to be at that point of the caustic from which the rays which reach 
the eye diverge. Similarly the rays normal to the other curved portion behave 
after leaving the cell as though they came from successive points of the curve 
de which is also a caustic. What the eye or the camera recognises as an image 
will therefore appear to be at some point above d'e' in the one case and some 
point below de in the other ; but in any case the actual distance from the eye is 
so great that the differences of distance do not specially attract the attention 
of the camera, but in the atmosphere the displacement towards the observer 
of the erect image explains the apparent magnification called looming, and 
the position of the inverted image explains its want of definition. 

One other point ought to be noticed, namely, that of the three images 
simultaneously visible two are erect and one inverted. The explanation which 
we have given deals only with the formation of the images of a single point. 
To get the images of the different points of a distant object we must imagine 

^ The formation of a caustic is illustrated in fig. 39. 



SUPERIOR MIRAGE 


63 

the picture and the apparatus which it represents rotated through the angle 
required to direct it towards the selected point of the object. It will be under- 
stood that if we direct the whole apparatus, cell and camera, towards a point 
of the object above the point first selected, we shall turn the images formed 
through the same angle. Consequently the images on the side of incidence 
upon the cell will be lifted and that on the side of emergence will be depressed. 
In the former case the images are erect and in the latter inverted. 

In accordance with an explanation already given we could use a glass 
refractor in place of Mallock’s cell if it could be suitably shaped. The shape 
required to give the wave-front indicated would be that represented in fig. 3 1 &. 
The upper part is equivalent to a concave lens, the 
lower part to a convex lens each with inclined axis, 
the top and bottom are plane. The figure also in- 
cludes a sketch of the wave-front which the shaping 
of the glass would produce if exposed to an incident 
plane wave. 

In applying the explanation to natural phenomena 
it ought to be remarked that the atmosphere is in 
no way bound to produce a wave-front which is the 
exact counterpart of that produced by Mallock’s 
cell. Many forms of wave-front must be allowed; 
the one which we have used in our drawing, follow- 
ing Mallock, is appropriate to some one distance of the object for a particular 
distribution of temperature. 


MIRAGE IN THE RED SEA. l8 MAY I928 



Fig. 33. False horizon above the true horizon in the Red Sea lat. 26°58'N, long. 
34° 37' E, with a passenger steamer approaching from the south. From a sketch in 
The Marine Observer, wo\.Ni,p. 104, reported by R, A. Kneen, 3rd officer, S.S. Stockwell : 
** At sunset 6 h 43 m the horizon appeared normal and the distortion ceased.” 

The Arctic regions, with their facilities for producing a cold surface, are a 
natural home of the superior mirage. But in the classical example which we 
have quoted it was the air over the water of the English Channel that pro- 
duced the remarkable visibility and looming of the opposite French shore, and 
examples are to be found in many seas. A number have been represented in 
The Marine Observer — ^we give a reproduction (fig. 32) of one seen in the Red 
Sea on 18 May 1928. 
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Fig. 316. Gg a glass sub- 
stitute for a sugar cell to 
produce a wave-front ww 
from a plane front WW. 
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Inferior mirage 

Phenomena whicfi are the reverse of those described as characteristic of 
the superior mirage can be seen when the density of air increases with height 
in consequence of exceptional lapse-rate in the surface-layers. In vol. ii, p. 54, 
we have noted the possibility of lapse-rates much in excess of the adiabatic 
l,apse for dry air, when the surface has been subject to strong sunshine for a 
considerable time. The figures there mentioned gave a lapse-rate of 25 tt for 
4 feet, which would correspond with a rate of 20tt per metre, two thousand 
times the adiabatic limit for dry air and hundreds of times the auto-con- 
vective lapse-rate. 

In all such cases there is a very rapid increase of density with increase of 
the distance from the hot surface, and the propagation of the light-waves 
along the surface is appreciably faster than at a distance from it. The wave- 
front of a beam of light which is incident obliquely on the heated layer be- 
comes in consequence accelerated in its lower part and bends round so much 
as to acquire an aspect upwards instead of downwards, and consequent re- 
flexion of the beam. It thus gives rise to an inverted image as if the surface 
were a reflector: — a mirage — ^which is called inferior because the fictitious 
image is below the visible surface. Since the hot surface behaves like a mirror, 
it reflects the light from the sky above the distant horizon and the objects 
in the foreground; the surface is in consequence indistinguishable from a 
water-surface. 

The behaviour of the wave-front in this case is illustrated by fig. 33. 

The waves which actually diverge from the point O after distortion by the 
irregularities of the lower layers behave at E as though they diverged from a 
point O'. 

The diagram is constructed to indicate a principle that is generally applic- 
able in problems of this kind, namely, that the wave-front at any time is a 
surface which connects the positions at which light starting from a point would 
arrive simultaneously by all the different paths which are possible. Thus the 
time of travel from O to E is the same for any portion of the front. The travel 
in the lower path being nearer the ground is through less dense air and the 
rate is greater than in the upper path which is in cooler air, and the longer 
distance indicated can be described in the same time as the shorter. 

Pig* 33 (^) shows the experience of a wave-front in which a pencil diverging 
from O remains divergent at E and there has its centre at O'. The formation 
of a real image at 0" on the same principle is shown in fig. 33 (6) in which the 
lower ray gains so rapidly over the upper one that the lowest part of the front 
gains distinctly more than its neighbours and the front becomes convergent. 
The image is at O and is real. The eye at E will see an erect image in the 
first case and an inverted one in the second case. 

The process can be followed on the same lines as fig. 31, inverted to show a 
medium in which density increases with height above a hot surface, and mutatis 
mutandis, bearing in mind the inversion, the conclusions are applicable. 


* 
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But in ordinary circumstances the colder air over a hot surface is in a very 
unstable condition compared with that of warm air over a cold surface, and 
consequently the phenomena of inferior mirage are the more likely to be 
transient and changeable. 

INFERIOR MIRAGE 



Fig. 33. Pencil of rays and wave-fronts illustrating the formation of 
virtual and real images. 

The inferior mirage is very common in flat desert regions during the 
warmer hours of the day. It is generally accompanied by ‘‘shimmering,’’ 
a familiar appearance over any approximately regular surface in sunshine. 
Shimmering is attributed to the irregular variations of density which are 
associated with the process of convexion of the highly heated air. It confirms 
the illusion of the mirage as the appearance of water with a slight ripple. 

W. J. Humphreys cites an example of a mirage of this kind in Meso- 
potamia on II April 1917, about which General Maude reported ojfBcially 
that fighting had to be temporarily suspended on that account. 

In his work on the atmosphere, translated in 1873 by James Glaisher, 
Camille Flammarion devotes a chapter to descriptions of mirage, mostly the 
inferior mirage of the African desert, with an illustration of apparent pools in 
the distance ; he has a quotation from Diodorus Siculus in the first century B.c., 
in which the phenomena of the mirage are described, not very accurately, as 
an extraordinary phenomenon which occurs in Africa at certain periods 
especially in calm weather. He recites other impressive examples in Egypt 
and Algeria. 

R. W. Wood^ has used a surface artificially heated to produce a model 
mirage in which representations of palm trees appear inverted as by reflexion 
from a water-surface. 

Since the introduction of the practice of making roads with a very smooth 
surface the inferior mirage is a very common experience on a sunny day. 
Quite recognisable reflexions are often seen, and people appear to be walking 
through pools of water 2. The details of lapse-rate require investigation. 

^ Physical Optics, The Macmillan Co., New York, 1911, p. 90. 

® L. G. Vedy, ‘Sand mirages,’ The Meteorological Magazine, vol. LXin, 1928, p. 249. 
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A mirage on the Mall in St James’s Park, London, is shown in the photo- 
graph of fig. 34 . 

These and other phenomena of mirage can be imitated practically by the 
effect of glass prisms or plates or combinations 
of the two, on the understanding that the thick- 
ness of the glass to be traversed delays the travel 
of a wave-front in the same way as the excess of 
density of air in a layer of the atmosphere re- 
tards the part of the wave-front that travels 
along it, as compared with another part travelling 
in a layer of less density. In the several illus- 
trations of the inferior mirage, as in those of 
the superior mirage to which we have given our 
attention, an approximate optical equivalent in glass is also represented. 

Fata Morgana 

One form of mirage, which probably combines the characteristics of 
both inferior and superior, is known in the Mediterranean as the Fata 
Morgana, or Morgan the Fairy, so named from the half-sister of King Arthur 
to whom legend has assigned the possession of the palaces suggested by the 
effects of refraction upon projecting objects of the distant landscape. It is 
often seen as the looming of one side or other across the Straits of Messina 

(fig- 35)- 

Fig. 35. A view of the town of Reggio and the Straits of Messina under the con- 
ditions accompanying Fata Morgana. (From Pemter’s reproduction of an original by 
P. Antonio Minasi.) 



Fig. 34. Mirage in the Mall, 
London, 1921. 



Prof. F. A. Forel in an address before the Royal Society of Edinburgh in July 19 1 1 
described the conditions under which he had observed the Fata Morgana “ in the spring- 
time year after year over the Lake Leman. His general conclusions are : (a) The Fata 
Morgana is made manifest at the region where the morning type of refraction in air 
over warm water is being transformed into the afternoon type of refraction over cold 
water, (b) At this region the eye of the observer placed at a convenient height sees 
simultaneously and in superposition both the depressed and the elevated horizons 
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associated with the two types of refraction, (c) Bright objects on the lower parts of 
the opposite coast are stretched and drawn out in height between the two momentarily 
coexistent false horizons of the lake, and, by forming rectangles in juxtaposition, give 
the appearance of the banded or ribbed structure of the striated zone. In his memoir 
of 1896 he showed that the transition from the one type to the other does not take 
place slowly and progressively: that even when towards the middle of the day the 
temperature of the air becomes equal to that of the water, and ere long slightly exceeds 
it, the depression of the apparent horizon and other mirage phenomena associated 
with the refraction over warm water persist for some little time . During the persistence 
of this mirage over the cold water there must be an unstable equilibrium due to the 
thermal stratification in the lower layers of air. The rapid transformation from this 
instability to the stability associated with the direct thermal gradient is the determining 
factor in the production of the Fata Morgana. The suddenness of its appearing and 
its brief transitory character are at once explained.” 

{Q.J. Roy, Meteor, Soc. vol. xxxviii, 1912, p. 219.) 

The relation of temperature to refraction 

In the preceding sections we have discussed the apparent displacement of 
distant objects which is contingent upon the variation of temperature and 
consequent variation of density in the layers near the surface. So far as the 
atmosphere is concerned our treatment of the subject has been expressed 
merely in general terms, but it is evident that there must be a numerical 
relation between the displacement of the image from the position of the object 
and the variation of temperature in the layers which produce the observed effect. 

We have used the term lapse-rate to indicate the rate of fall of temperature 
with height and have called an increase of temperature with height a counter- 
lapse. It would appear at first sight that it should be possible to trace a numerical 
relation between the displacement of a distant object the height of which is 
known and the lapse or counterlapse of temperature by which it is produced, 
but in this connexion D. Brunt^ has noted that the refractive index of water- 
vapour is 1-000257, i.e. -000035 ^ mixture of 

I gramme of air with x grammes of water-vapour the value of the refractive 
index, ft, is given by the equation 

(ft — i) ttpQl(ttop) = -0002918 — •oooo35a;/(i -h x). 

Hence the effect of the water-vapour on the refractive index for air saturated 
at 30ott (80° F) and ordinary atmospheric pressure is about equivalent to an 
increase of temperature of 2° F in dry air. The temperature is therefore not 
determinable simply by the amount of the refraction. 

Dispersion in relation to refraction. The green ray 

Returning to the equation of the refraction and reminding ourselves that 
the deviation 86 depends upon fcs— i we must also remember that ftg is 
different for light of different wave-lengths, being greater for the shorter 
wave-lengths. Consequently there should be some separation of colour at 
the earliest stage of sunrise and the last of sunset. The red colour of the sun 

^ Q.y. Roy, Meteor. Soc. vol. Lv, 1929. 
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ought first to be lost at sunset and the blue or violet ought to remain as the 
last of the visible rays. (See G. Forbes, The Earthy the Sun and the MooUy 
p. 22, E. Benn, Ltd.) 

Such a phenomenon would be very transient and therefore difficult to 
observe, especially as red and green are complementary colours for the human 
eye. But there is now a consensus of opinion that the last flash of actual sun- 
light in the evening and the first flash in the morning are green, and indeed a 
brilliant green. The subject is discussed quite effectively in a correspondence in 
the pages of Nature in 1928, which includes a letter from Prof. R. W. Wood, who 
expresses the opinion that the green ray is a real phenomenon, but whether 
it is visible or not depends on the index of refraction of the surface-air. 

I have crossed the ocean some thirty times and have looked for the “ray” at every 
favourable opportunity, by which I mean clear sky, no haze or clouds on the horizon 
at sunset, and a calm sea, and yet I have observed it on only three or four occasions, 
and only once when it was really striking. This occasion was on an eastward trip of 
the Homeric^ sailing from New York on June 6, 1925. The colour of the vanishing 
edge of the sun at sunset was a vivid emerald green, about the colour of a railroad 
signal light. On other occasions on which I have observed evidence of the phenomenon, 
the colour change was from red or orange to lemon yellow. 

It seems possible that the determining factor is the relative temperature of the air 
and the ocean. Warm water and cool air would flatten the trajectory of the light rays, 
and cause the sun to set abnormally early. This is the type of refraction in cases of 
desert mirage, in which case the curvature of the rays is reversed. With cold water and 
warm air, on the contrary, the normal gradient of refractive index would be increased, 
the curvature of the rays augmented, and sunset would be delayed, giving a greater 
opportunity for atmospheric dispersion to come into play. 

. . . On the day on which we observed the ray, the temperatures of air and water 
were practically the same at sunset. On the other three favourable evenings, on which 
we failed to see any trace of the phenomenon, the ocean was from twelve to fourteen 
degrees warmer than the air at sunset. 

(R. W. Wood, ‘ Factors which determine the occurrence 
of the green ray,’ Nature, vol. cxxi, 1928, p. 501.) 

Once more therefore we get an example of the influence of the counter- 
lapse at the surface which as we shall find intrudes itself into so many aspects 
of the physics of the atmosphere. 

If the surface-air is exceptionally cold the index of refraction of the surface- 
air is high, and it may be sufficient to show the dispersion between the green 
and the red of the spectrum in the last rays of the sun, but if the atmosphere 
is near the state of convective equilibrium, the green ray is not visible. 

Scintillation of the stars 

Refraction by the atmosphere is also held to be responsible for the scin- 
tillation of the stars. The unmistakeable flickering has been known for ages as 
distinguishing the stars from the planets which shine with equally bright but 
steady light. The most complete explanation of scintillations is due to Respighi, 
1872, who examined the star-light spectroscopically and found shadows passing 
over the spectrum of the stars, in normal conditions of the atmosphere from 
red to violet in the western stars and violet to red in the eastern. ‘‘ Good de- 
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finition and regular movement of the bands appear to indicate the continuance 
of fair weather, while varying definition and irregular motion seem to imply 
a probable change.’’ 

The apparent lack of scintillation of a planet is probably due to the finite 
area of the planet’s disk, as compared with the point-source of light which 
represents a star : the combination of all the scintillations of the points of a 
finite disk will make the identifications of travelling bands appropriate to any 
one point difficult or impossible. 

D. Brunt reports that he has found evidence of scintillation being produced 
by oscillations in the atmosphere in the course of an investigation in which 
a photographic plate was exposed in a fixed direction to g6t a spectrum of 
Sirius. In the absence of any clock-drive the image of the star was expected 
to drift across the plate and give a spectrum of width corresponding with the 
time of exposure. But in fact the spectrum was intercepted periodically as 
if the star were alternately visible and invisible. If it might be assumed that 
the light from the star were deflected by a periodic change in the density and 
consequently in the refraction of the atmosphere, the alternation of visibility 
and invisibility would be explained. 

The transit of rapidly moving shadows appears again in the shadow-bands 
which are observed to pass over the approaching edge of the totality shadow 
of the moon in a total solar eclipse. 

With the subject of scintillation may be mentioned also the “boiling of 
the sun’s limb,” a shimmering which is often noticeable, and sometimes con- 
spicuous, on the edge of an image of the sun thrown upon a screen by a 
telescope adjusted for that purpose. Attempts have been made to interpret 
the boiling of the limb as a weather-indicator. Like other indications which 
are obtained from single samples of the atmosphere, it is hard to suppose that 
the sample which the observer happens to have under observation contains 
within itself the key to the general circulation of the atmosphere and its 
changes. 

The shape of the sky 

One other phenomenon which exhibits peculiarities of appearance that may 
be attributed in part to refraction is the impression which an observer form^ 
of the relative magnitude of objects in different parts of the sky. In an actual 
photograph, as in that of G. A. Clarke^, there is not much difference in size 
of the sun or moon when it is near the horizon from what appears near the 
zenith. The orb is slightly elliptical by the contraction of the apparent vertical 
diameter, but its horizontal diameter is preserved. 

The amount of contraction is rather surprising, considering that there are only 30' 
of arc between the top and bottom limb of the sun or moon. It may amount to about 
6', or one-fifth of the disc. It is another example of the special effects of refraction 
in a long path at low altitudes. 

It is the common experience of observers without instruments that the sun 
and moon near the horizon appear to be immense orbs compared with the 

^ Meteorological Magazine, vol. Lvi, 1921, p. 224. 
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estimate formed of the size of these bodies nearer the zenith. And even in 
that case the personal estimate of size is exaggerated very much above what 
corresponds with the optical angular diameter of either sun or moon, both 
of which happen to be nearly 30' of arc. If an unpractised person is asked to 
estimate the size of the sun or moon he will generally agree to a figure which 
is much too large, and which would place those bodies at a distance of about 
20 metres. 

Somewhat similar over-estimates are made of the angular elevation of hills 
or other objects on the horizon or near thereto. At the eclipse of the sun on 
29 June 1927, an angular altitude of twelve degrees gave the sun a position in 
which it appeared quite high in the sky; and an ordinary estimate of 45°, 
that is halfway between the horizon and zenith, is often not more than 25° in 
actual altitude. 

Whether these very imperfect estimates are due to some physiological or 
psychological influence common in humanity is a question to which no satis- 
factory answer can be given, but the cause, whatever it may be, is reasonably 
helpful in connexion with the large appearance of the rising or setting sun 
or moon. 

The faulty power of estimate is not without its importance in meteorology, 
because an observer who is expected to form an estimate of the number of 
tenths of sky covered by cloud is hardly likely to give a correct figure if he is 
liable to over-estimate the height of clouds which are not far above the 
horizon by as much as 100 per cent, of the angular altitude. However in com- 
pensation there is this to be said, that for a hemispherical dome as of the sky, 
the zone which reaches from the horizon to an elevation of 30® covers one-half 
of the area of the hemisphere, and presumably also one-half of the area of 
cloud in an overcast sky. 

THE EFFECT OF SOLID AND LIQUID PARTICLES 
Reflexion and scattering ' 

The color of the cloudless sky, though generally blue, may, according to circum- 
stances, be anything within the range of the entire spectrum. At great altitudes the 
zenithal portions are distinctly violet, but at moderate elevations often a clear blue. 
With increase of the angular distance from the vertical, however, an admixture of 
white light soon becomes perceptible that often merges into a grayish horizon. Just 
after sunset and also before sunrise portions of the sky often are distinctly green, 
yellow, orange, or even dark red, according especially to location and to the humidity 
and dust-content of the atmosphere. Hence, these colors and the general appearance 
of the sky have rightly been used immemorially as more or less trustworthy signs of 
the coming weather. (W. J. Humphreys, Physics of the Air, p. 538.) 

In the previous section we have been concerned with the optical effects 
of the variations of density of transparent air; other striking and interesting 
optical effects are caused by the small particles, solid or liquid, which are 
carried by the atmosphere, as distinguished from the material of which the 
atmosphere itself is composed. We deal first of all with the light which is 
“scattered” or “diffused” by reflexion from the particles. We have in mind 
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for the moment as the most brilliant example the ‘‘silver lining’’ of a cloud 
that is illuminated by the sun behind it, and the. hardly less magnificent effect 
of the towering cloud of cumulo-nimbus, so splendidly white when the sun 
shines on it from behind the observer or from the side. In both cases the 
light is white, scattered or diffusely reflected. In the case of the silver lining 
the diffused light is the part that passes towards the observer beyond the 
obstacle which diffuses the light ; and in the case of the sunlit cumulus the 
diffused light comes back towards the observer from the illuminated cloud ; 
in that case the process comes more nearly within the original meaning of the 
word “ reflected.” The two together illustrate quite effectively what is meant 
by the scattering of light. It is exhibited in a less striking manner in all forms 
of cloud, including the nebula and the dust-haze, either of which is visible 
in “the sun drawing water.” 

Sidney Skinner points out that all objects with rough edges, of which a 
small circle of brown paper detached from its environment by tearing is a 
good example, show a brilliant “ silver lining” when used at a distance to pro- 
tect the eye from the rays of the sun. He has reminded me that the effect is dis- 
played in the Alps in a very brilliant manner when the sun is just on the point 
of rising above a distant crest that is fringed with trees, and referred me to 
Tyndall’s description of the phenomena. The following quotation will be a 
sufficient assurance to the reader that the observation is worth attention. 

You must conceive the observer placed at the foot of a hill interposed between him 
and the place where the sun is rising, and thus entirely in the shade ; the upper margin 
of the mountain is covered with woods or detached trees and shrubs, which are pro- 
jected as dark objects on a very bright and clear sky, except at the very place where 
the sun is just going to rise, for there all the trees and shrubs bordering the margin 
are entirely, — branches, leaves, stem and all, — of a pure and brilliant white, appearing 
extremely bright and luminous, although projected on a most brilliant and luminous 
sky, as that part of it which surrounds the sun always is. All the minutest details, 
leaves, twigs, etc., are most delicately preserved, and you would fancy you saw these 
trees and forests made of the purest silver, with all the skill of the most expert wo rlonan. 
The swallows and other birds flying in those particular spots appear like sparks of the 
most brilliant white. 

Neither the hour of the day nor the angle which the object makes with the observer 
appears to have any effect. . .but the extent of the field of illumination is variable, 
according to the distance at which the spectator is placed from it. When the object 
behind which the sun is just going to rise, or has just been setting, is very near, no 
such effect takes place. 

(The Glaciers of the Alps and Mountaineering in 1861, by John Tyndall, 
quoting a letter from Professor Necker to Sir David Brewster. Every- 
man’s Library, p. 157.) 

The point which deserves the reader’s most careful attention is that generally 
the scattered light which comes from clouds is white. Some light is cut off; 
the intensity of daylight is reduced by an overcast sky ; shadowed clouds are 
grey, a thunder-cloud may be almost black ; but ordinarily clouds are not 
coloured by the scattering. Cloud-particles apparently treat all wave-lengths 
impartially. When clouds are coloured as in sunset-glows it is because they 
are illuminated by coloured light; they do not themselves initiate the colour. 
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It is necessary to draw attention to the fact because the theory of scattering, 
which is due to the late Lord Rayleigh, was developed in connexion with the 
explanation of the blue colour of the sky, and led to the conclusion that the 
part of the energy of a beam of light which would be scattered by a cloud 
of particles, small in comparison with the wave-length of the light, is pro- 
portional inversely to the fourth power of the wave-length. In those circum- 
stances since the wave-length of the violet end of the spectrum is only one- 
half of that at the red end, the percentage of the energy of the scattered red 
should be only one-sixteenth part of that of the scattered violet. 

The theory of which some account is given on p. 15 1 depends upon the 
assumption that the effect of the particles is to load the aether which is 
vibrating, so that the forces of displacement have to operate upon something 
equivalent to greater mass. The hypothesis is somewhat artificial but sufficient 
for its purpose. It should presumably take a new form if the general hypothesis 
of a luminiferous aether is replaced by a new form of wave-dynamics. 

Lord Rayleigh turned to the molecules of the air itself as being probably 
the particles which caused the scattering, and from his theory it followed that 
the ultimate colour of the sky is blue, or possibly in the purest conditions 
violet, on account of the effect of the molecules of air. The explanation thus 
given is strongly supported by the computation by Schuster, to which we 
refer in chap, iv, p. 152, that the loss of energy of solar radiation through the 
scattering by molecules of air is sufficient to account for the actual losses 
which are computed from observations of solar radiation on Mount Wilson, 
The production of blue colour in a beam of light which traverses dust-free 
air has been demonstrated experimentally by the present Lord Rayleigh^. 

That clouds are generally white or grey and show no colour in spite of 
the proportionality of the scattering to the inverse fourth power of the wave- 
length is very remarkable. 

The blue of the sky 

The blue colour of the sky may be attributed, as we have already mentioned, 
to the scattering of sunlight by the ultimate molecules of air. The colour 
is not by any means a pure blue; violet, blue, green and yellow are all 
scattered. A tube pointed to a blue sky shows a white patch, not a blue one, on 
a screen that receives the light which passes alongthe tube. An artist’s studio is 
generally arranged to be illuminated by a skylight facing towards the north, 
but the sense of colour in the studio is not understood to be impaired thereby 
when the sky is cloudless. Reds are visible as well as blues, greens or violets. 

The blue colour is much stronger as seen at great altitudes than from places 
near sea-level, and the colour is not by any means the same over the whole 
sky. It is affected by the scattering from the larger particles, either solid or 
liquid, which are more abundant nearer the surface; hence the colour of the 
sky gradually changes from a deep blue at high altitudes to a greyish white, 
sometimes with a tinge of red or brown, along the horizon. 

1 A Dictionary of Applied Physics, vol. iv, Macmillan and Co. Ltd., 103^, s.v. ‘Scattering 
of light by gases.’ 
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Neither is the blue the same from day to day. In the clear weather of a 
north-westerly wind the sky at high angles of altitude is deep blue, but with 
an east or south-east wind it may be so pale that the blue can hardly be 
discerned at all. Information about the colour of the sky in different parts 
of the earth is rather scanty. In mid-ocean, so far as the limited experience of 
the writer goes, the sun does not rise or set in cerulean blue but in white 
or grey. Judging by casual records in travellers’ tales, even in desert countries 
where the sun shines from its rising to its setting, the sky is only blue in the 
early morning and settles down to a dull brazen colourless uniformity which 
lasts through the day. In northern latitudes the pallid hue may be due to the 
condensation of water on salt or other hygroscopic nuclei at some degree of 
humidity below saturation and the consequent addition of white light scattered 
by the particles sufficient to dilute the original blue or even to overwhelm 
it ; on occasions the eruption of a volcano may spread fine dust throughout 
a- great part of the atmosphere and veil the customary blue to so remarkable 
a degree that the dust may also behave like a nebula or thin cloud (p. 330). 

The relation between sky-colour and the number of dust-particles has 
been examined in Washington^. 

On our Lapland expedition (1927) I ascertained that polar air has a deeper (blue) 
coloring than sea or tropical air. Before approaching cloudiness there occurs a 
marked decrease in blue coloring; a lighting up of the sky caused by hydroscopic 
enlargement of the aerosols. 

(F. Linke, Monthly Weather Review^ vol. LVI, 1928, pp. 224-5.) 

When the sky is really blue the light which comes from it is polarised. 
Viewed through an analyser set at right angles to the direction of the sun’s 
rays, there is considerable polarisation with vibrations perpendicular to the 
direction of the sun’s ray and the direction of the ray under observation. The 
polarisation of the light of the sky has been the subject of much investigation; 
it has been explained by Lord Rayleigh on the undulatory theory as a natural 
consequence of scattering, and the explanation has been adapted by Sir A. 
Schuster for the electromagnetic theory of light. Much attention has also been 
given to observation ; polarisation is one of the regular subjects of observation 
at the Physikalisch-Meteorologisches Observatorium at Davos. 

The fraction of the light which is polarised in the p'lane through the observer, the 
point observed and the sun, increases as the analyser (L. Weber, F. F. Martens, 
Cornu or Savart) is directed to points at successively greater distances from sun or 
counter-sun in the vertical plane through those two points. For other points observa- 
tions become complicated by the distinction drawn between polarisation in the plane 
through sun, counter-sun and observed point which is called positive, and attributed 
to the scattering of direct sunlight, and polarisation in a plane at right angles to the 
first which is attributed to secondary scattering and is called negative. 

Three neutral points where positive and negative polarisation are equal and in 
consequence plane polarisation is lacking are named after their discoverers, Arago, 
Babinet, Brewster. 

^ I. F. Hand, ‘Blue sky measurements at Washington, D.C.,* Monthly Weather Remete, 
vol. LVI, 1928, p. 225. 
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The details form a very specialised section of the physics of the atmosphere . C. Dorno 
refers his readers to Busch and Jensen^. In English the special articles in the Encyclo’- 
paedia Britannica or in the Dictionary of Applied Physics may serve the same purpose. 

It has been suggested that regular measures of polarisation might furnish 
a means of showing changes in the atmospheric structure on which predictions 
of future weather might be based; but once more we must repeat that it is 
too much to expect to sound the whole of the atmospheric ocean, or indeed 
any considerable region of it, with a single plummet. So much of the action 
of the atmosphere depends upon space differentials. 

Polarisation enters hardly at all into the considerations of energy with which 
in this volume we are chiefly concerned, and we may be content here as 
elsewhere in indicating the places where the subject is more adequatelv 
treated. ^ 


Artificial *^blue sky’* 

Molecules are much smaller than the particles which form clouds. According 

to Rutherford and Geiger there are -272 x lo^® in a cubic centimetre. Whetham 

sugg^ts that there are not more than ten million in a row of the length of 
certainly small compared with the wave-lengths of 
visible light which are be^een *4 micron and -8 micron, about two thousand 
or a thousand to a millunetre. In chap, viii the magnitude -oi mm or 
10 micron is assigned to cloud-particles in the atmosphere. From observa- 
tions with the Owens dust-counter the particles of dust or smoke shown in 
4 e nucroscope are found to range in size from -3 micron to 1-7 micron and 
wS of molecdar aggregates, which hardly come 

Fro^tbl h” of the w6rd particle, and which are less than -2 micron. 

to supp„» tha, the differ«ic Crth “ “ 71 “°"““' 

Wwsemchaftl. Amt. atmosphanschen Polarisation,’ Jahrh. der Hamburger 

to be cm. . The unit is believed 
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of viscosity 
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of conduction 
of heat 
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2*74 X 10-8 

2*74 X 10-8 
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■ w. J. Humphrey, oftHe Mt 


From coeff. 
of diffusion 
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VI, 1913, p. 9. 
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by particles which are not technically small compared with the wave-length; 
which are in fact about of a size with it. If that be so a beam of sunlight 
passing through any considerable thickness of lower atmosphere in which 
there are always dust-particles in varying numbers would emerge as a red- 
coloured beam because it would have lost by scattering a larger percentage 
of its blue components than of its red components. 

The separation of red light by transmission of a beam through a medium 
which scatters the blue is illustrated by many beautiful experiments. John 
Tyndall gives the following account of one such experiment. 

I shall now seek to demonstrate in your presence, firstly, and in confirmation of our 
former experiments, that sky-blue may be produced by exceedingly minute particles 
of any kind of matter; secondly, that polarisation identical with that of the sky is 
produced by such particles ; and thirdly, that matter in this fine state of division, where 
its particles are probably small in comparison with the height and span of a wave of 
light, releases itself completely from the law of Brewster; the direction of maximum 
polarisation being absolutely independent of the polarising angle as hitherto defined. 
Why this should be the case, the wave-theory of light, to make itself complete, will 
have subsequently to explain. 

Into an experimental tube I introduce a new vapour, in the manner already de- 
scribed, and add to it air, which has been permitted to bubble through dilute hydro- 
chloric acid. On permitting the electric beam to play upon the mixture, for some time 
nothing is seen. The chemical action is doubtless progressing, and condensation is 
going on; but the condensing molecules have not yet coalesced to particles sufficiently 
large to scatter sensibly the waves of light. As before stated — and the statement rests 
upon an experimental basis — the particles here generated are at first so small, that their 
diameters do not probably exceed a millionth of an inch (2-5 x io~® mm.), while to 
form each of these particles whole crowds of molecidesKdire probably aggregated. Helped 
by such considerations our intellectual vision plunges more profoundly into atomic 
nature, and shows us, among other things, how far we are from the realisation of 
Newton’s hope that the molecules might one day be seen by microscopes. While I 
am speaking, you observe this delicate blue colour forming and strengthening within 
the experimental tube. No sky-blue could exceed it in richness and purity; but the 
particles which produce this colour lie wholly beyond our microscopic range. A uni- 
form colour is here developed, which has as little breach of continuity — ^which yields 
as little evidence of the individual particles concerned in its production — as that 
yielded by a body whose colour is due to true molecular absorption. This blue is at 
first as deep and dark as the sky seen from the highest Alpine peaks, and for the same 
reason. But it grows gradually brighter, still maintaining its blueness, until at length 
a whitish tinge mingles with the pure azure; announcing that the particles are now no 
longer of that infinitesimal size which reflects the shortest waves alone. (Possibly a 
photographic impression might be taken long before the blue becomes visible, for 
the ultra-blue rays are first reflected.) 

The liquid here employed is the iodide of allyl, but I might choose any one of a 
dozen substances here before me to produce the effect.. . .In all cases, where matter 
passes from the molecular to the massive state the transition is marked by the pro- 
duction of the blue. More than this : — ^you have seen me looking at the blue colour * 

. . .through a bit of spar. This is a Nicol’s prism The blue that I have been thus 

looking at is a bit of more perfect sky than the sky itself. Looking across the illu- 
minating beam as we look across the solar rays at the sky we obtain not only partial 
polarisation, but perfect polarisation. 

(John Tyndall, Heat a JS/Iode of Motion, Longmans, 

Green and Co., London, 5th edition, 1875, p. 514.) 
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In water a similar colour may be observed with a solution of sodium hypo- 
sulphite from which sulphur is precipitated in particles of gradually increasing 
size by the addition of a small quantity of dilute hydrochloric acid. Blue 
colour of the same character is conspicuous in the pools from which calcium 
carbonate has settled in the industrial processes in which lime is used, the 
brilliant colour being presumably due to very small particles still suspended 
in the water which is otherwise perfectly clear. For the same reason almost 
any chalky water in sufficient depth appears tinged with blue in a white bath. 

It is on the hypothesis of the scattering of the blue by small particles in a 
solar beam and consequent red in the transmitted light, that the red colour 
of the low sun may be explained. It may vary from the deepest crimson when 
there is a ‘‘pure*’ cloud of very fine dust-particles to the pale “watery” 
yellow of a cloud which carries something larger than dust-particles, perhaps 
globules either of water or water-laden nuclei. Ordinary globules of water on 
the other hand, which are ten times as big as dust-particles, diffuse light by 
reflecting it, like an ordinary spherical mirror. Each globule becomes a centre 
from which its share of the light is radiated and the cloud of globules forms 
as it were a new source of diffused light as represented in fig. 39. 

The formation of water-globules seems to be independent of the solid 
dust-particles: the nuclei for condensation are probably quite different^. 
This hypothesis may be confirmed to some extent whenever the sun can 
be viewed through a surface-fog. In London, for example, where there is 
smoke-dust the sun always appears distinctly outlined as a red-coloured disk, 
but a thin cloud, or country fog, that gives a similar outline of the sun makes 
no colour. It seems therefore that the colour is produced by the dust- 
particles carried with the fog and not by the water-particles of the cloud or 
of the fog. The dust-particles and the fog-globules seem to be acting inde- 
pendently, at least in the early stages of condensation. 

The sun’s rays are coloured red by the more effective scattering of the 
components of shorter wave-length, when so far as we can tell there are no 
water-particles in the sky, and especially when there is a great length of atmo- 
sphere to be travelled through on account of the sun’s being at or near the 
horizon or especially just below it. The whole skyis then suffused with red light 
and every object which would ordinarily appear white takes on a red colour. 

Blue shadows 

The complementary blue light scattered from the dust-particles is seen in 
any landscape which is illuminated by cross rays of the sun whenever there 
^ is a dark background of mountains or buildings to keep out the overpowering 
white light of the sky above the distant horizon. It furnishes in fact the 
justification of the blue colour with which artists suffuse the distances and 
the shadows of their landscapes. 

^ G. Melander, Union Geodisique et Giophysique Internationale^ Proc^s-verbaux des stances 
de la Section de MiUorologie, Prague, 1927, p. 99, Rome, 1928; R. K. Boylan, ‘Atmospheric 
dust and condensation nuclei,’ Dublin, Proc. R. Irish Acad. vol. xxxvii A, No. 6, 1926, 
pp. 58-70. 
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If Thibetan mountains are arid, bare and uninteresting yet with the monsoon comes 
the haze which transfigures plain and mountain and afterwards made Somervell despair 
of finding in his palette a blue of sufificient brilliance and intensity to reproduce the 
colour of the shadows twenty or thirty miles away, * 

(Sir Francis Younghusband, The Epic of Mount Everesty E. Arnold, 1926.) 

Countries which usually have a sky of nebulous cloud must be excepted 
from such a description. Northern climates show a good deal of nebulous 
cloud and the light scattered from the northern atmosphere as shown by the 
“sun drawing water” is generally white or grey and not blue. 

But scattered blue can be seen in the smoke from a peat fire or from a 
fire of wood or leaves or garden-rubbish at any time when the sunshine crosses 
it. At the same time, if the sun be looked at through the smoke of such fires 
it appears a brownish red. In like manner tobacco-smoke in sunlight with a 
black background is quite notably blue and the same smoke as a transparent 
medium shows brownish red. The like cannot be said about coal-smoke 
which is at best grey and sometimes looks black in any light. The difference 
between the two is explained by the fact that as viewed in the Owens dust- 
counter wood-smoke is made up of globules of tarry liquid, and coal-smoke 
contains a large number of particles of solid soot. 

Hence we may draw the line between selective scattering with the pro- 
duction of colour and collective reflexion without separation of colour some- 
where between the size of a water-particle, say *01 mm, and the size of a dust 
or smoke-particle, say *0005 mm. 

The dissipation of energy by scattering 

Scattering follows the same general law in respect of energy as absorption (see 
chap. iv). For any particular cloud a coefficient determines the percentage 
of energy which is scattered by unit thickness of the cloud and the same co- 
efficient applies to successive layers of equal thickness according to Bouguer's 
law (p. 147). It is stated in chap, iv that the cloud of an overcast sky 
scatters about three-quarters of the incident energy. The same fraction of the 
remainder will be scattered by the next layer of the same thickness ; only one- 
sixteenth can survive the second layer. Hence in the shadow of the shadow 
of a cloud there is very little light at all. A double layer of overcast sky leaves 
hardly any light for the surface. 

The law of scattering is assumed to be the same whether the cause of it 
be molecular or particulate, and the law of scattering which Lord Rayleigh 
obtained for particles small compared with the wave-length is regarded as 
typical of all examples of scattering. 

The difference of behaviour of blue light and red light in respect of scat- 
tering by particles which are actually present in the atmosphere has been very 
shrewdly illustrated by R. W. Wood^ in photographs of the same landscape 
taken showing its ultra-violet light on the one hand and its infra-red light on 
the other. We reproduce (fig. 36) two photographs of San Jos6, infra-red and 

^ Proc. Roy. Inst. vol. xx, 1911, p. 180. 
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ultra-violet, taken at Lick Observatory. In the ultra-violet the background is 
obscured by a palpable mist and there is far less contrast in the foreground. 
In the infra-red the distant landscape is obviously clear; the objects in the 
background are sharply defined and the foreground is luminous. 

{a) Ultra-violet light (h) Infra-red light 





Fig. 36. San Jos6 photographed on 9 November 1924 from Mt Hamilton, 134 miles 
away. The obliteration in {a) is due to the earth’s atmosphere. (Photograph by Wright, 
Lick Observatory, from lantern-slides of the Royal Astronomical Society.) 


Diffuse reflexion 

A dissipation of energy closely akin to scattering is found in the reflexion 
of light from the surfaces of every kind of solid object. Under the influence 
of radiation of visible wave-length all objects that are not absolutely “ black” 
diffuse the energy of the incident light in all directions. The process is known 
as diffuse reflexion. It may be combined with absorption in the surface-layers 
of the diffusely reflecting material which thereby appears coloured. This is in 
fact accepted, on Sir G. G. Stokes’s suggestion, as the origin of the ordinary 
colour of natural objects. Iridescent colours are accounted for otherwise. 

The diffuse reflexion of this kind combines with the regular reflexion from 
a transparent surface such as water, or the modification of regular reflexion 
which becomes scattering when drops or particles are very small, to form what 
is called the albedo of the earth, that is to say the reflected light by which the 
earth would be visible from outside and by which the separate parts are visible 
to us. 

The measure of the illumination derived in this way from parts of the 
earth s surface in comparison with that which comes from an overcast sky 
is a subject of investigation for which a special instrument has been designed 
by L. F. Richardson^. 

Daylight and tmlight 

It is to the scattering of light that we owe the advantages of diffused day- 
light and twilight. For diffused daylight the light from the clear sky which is 

g6od6sique et gdophysique internationale, Section de Mdt^orologie, Retort on 
photometers for a survey of the reflecUvity of the earths surface, 1938. 
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apparently blue is reinforced by the light scattered by cloud, nebula and 
dust, and by that which is diffusely reflected from the objects on the earth’s 
surface. 

Photometric measurements made at Mount Weather, Va. (lat. 39® 4' N, long. 
77° 54' W, altitude 536 m) show that with a clear sky the total mid-day illumina- 
tion on a horizontal surface varied from 10,000 foot-candles in June to 3600 foot- 
candles in January. It is less than the direct solar illumination on a normal surface 
from September to February, inclusive, but exceeds the latter from May to August, 
inclusive, for a period of from four to eight hours in the middle of the day. 

The illumination on a horizontal surface from a completely overcast sky may be 
half as great as the total illumination with a clear sky, and is frequently one-third as 
great. On the other hand, during severe thunderstorms at noon in midsummer, the 
illumination may be reduced to less than i per cent, of the illumination with a deaf 
sky. 

The ratio of sky-light illumination to total illumination on a horizontal surface 
at noon in midsummer varies from one-third to one-tenth. In midwinter it varies 
from one-half to one-fifth. 

When the sky is clear, the twilight illumination on a horizontal surface falls to 
I foot-candle about half an hour after sunset, or when the sun is about 6® below the 
horizon. Kimball, Monthly Weather Review^ vol. XLii, 1914, p. 650.) 


Relative intensities of natural illumination in fooUcandles (Kimball and Thiessen) 

Zenithal sun 9600*0 


Twilight for different positions of the sun’s centre 


Sunrise or sunset 
1° below horizon 

3 »» >» 

4° „ 

5 „ 


33‘<5 

6® below horizon 

0-40 

30-0 

00 ” ” 

0*10 

15*0 

no f* ** 

0*04 

7-4 

8® 40 n 

0-02 

3*1 

9® » 

O-OI' 

i-i 

10® „ 

o-ooi 


End of civil twilight (6®) 0*40 
Zenithal full moon 0-02 

Starlight 0-00008 


Twilight is the light which is scattered from the earth’s atmosphere when 
it is illuminated by the sun below the horizon. “Astronomical twilight” is 
defined as the interval between times when the upper edge of the sun is on 
the horizon and the true position of its centre 18° below; “ Civil twilight” is 
the interval between times when the upper edge of the sun is on the horizon 
and the true position of its centre .6° below. 

The Aeronautical Observatory at Lindenberg has published (1929) a 
diagram of isopleths, too large to be reproduced, from which the duration 
of civil twilight (Dauer der biirgerlichen Dammerung) for any day of the year 
can be read off for any latitude between zo® and 65°. For the diagram, 
biirgerliche Dammerung is defined as the period during which the zenith 
distance of the sun is between 90° 35' (i.e. the position at sunrise or sunset) 
and 96® 30'. Twilight extends to the whole of the night from May to the 
beginning of August in latitude 65° N, and for eight days in June a little north 
of 60° N. The readings of the diagram give a few more minutes to twilight 
than the figures in the following table for latitudes between 0® and 50° which 
is based on Kimball’s computations. For the sake of comparison with the 
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table of additions to the geometrical day caused by refraction (p. 56) the 
duration, is given in decimals of an hour. 

Duration of twilight 


Latitude 

0° 

10° 

Civil 

20® 

30° 

40® 

50® N 

0® 

10® 

Astronomical 
20° 30° 

40® 

50® N 


h 

h 

h 

h 

h 

h 

h 

h 

.h 

h 

h 

h 

Jan. 21 

•37 

•37 

•38 

■43 

•48 

•62 

1*22 

1-22 

1*28 

1-38 

1*57 

1*90 

Feb. 21 

•35 

*37 

■37 

•40 

*47 

•55 

1*17 

I*l8 

1*22 

1*33 

1*53 

i*8o 

Mar. 21 

•35 

*35 

*37 

•40 

*45 

*55 

1*15 

I-I 7 

1*22 

1*33 

1*52 

1-83 

Apr. 21 
May 21 

*37 

*37 

•37 

•42 

*47 

'to 

i-i8 

1*20 

1*27 

1*40 

I 65 

2-13 

*37 

•37 

•40 

•45 

•52 

*68 

1*22 

1*25 

1*35 

1*53 

1-90 

2*97 

.June 21 

-37 

•38 

•42 

■47 

*55 

•73 

1-25 

1*30 

1-40 

1*62 

2*05 


July 21 

*37 

*37 

■40 

•45 

•52 

•68 

1*22 

1-25 

1*35 

1*53 

1*90 

3*00 

Aug. 21 

*37 

•37 

•37 

*42 

*47 

*58 

i*i8 

1*20 

1*27 

1-40 

1-65 

2-lS 

Sept. 21 

*35 

•35 

•37 

•40 

•45 

*55 

1*15 

1*17 

1-22 

1*33 

1*52 

1*83 

Oct. 21 

*35 

•37 

•37 

•40 

•47 

*55 

I-I 7 

I*i8 

1*22 

1*33 

1-52 

i- 8 o 

Nov. 21 

*37 

•37 

•38 

*43 

•48 

•62 

1*22 

1*22 

1-28 

1*40 

1*58 

1*92 

Dec. 21 

*37 

.38 

•40 

*45 

*52 

* 6 s 

i-as 

1-27 

1*32 

1*43 

1-63 

1*98 


Twilight colours 

As the sun sinks to and below the horizon during clear weather, a number of color 
changes occur over large portions of the sky, especially the eastern and western. The 
phenomena that actually occur vary greatly, but the following may be regarded as 
typical, especially for arid and semi-arid regions : 

(a) A whitish, yellowish, or even bronze glow of 5° or 6® radius that concentrically 
encircles the sun as it approaches the horizon, land whose upper segment remains 
visible for perhaps 20 minutes after sundown. . 

The chief contributing factors to this glow appear to be (i) scattering, which is a 
maximum in the direction, forward and back, of the initial radiation, and (2) diffraction 
by the dust particles of the lower atmosphere. In both cases blue and violet are prac- 
tically excluded, owing to the very long air-paths. 

(b) A grayish blue circle that rises above the eastern horizon as the sun sinks below 
the western. This is merely the shadow of the earth. 

(c) A purplish arch that rests on the earth shadow and gradually merges into the 
blue of the sky at a distance of perhaps 10®, and also fades away as the arch rises. 

(Humphreys, Physics of the Air, p. 546 ; which should be con- 
sulted for further details and explanations of the phenomena.) 

Sunset colours 

We have already explained that the colours shown in the sky at sunset and 
at sunrise are due to the illumination of the clouds by light which has been 
coloured red by the scattering of more of the light at the blue end of the 
spectrum than of that at the red end, and the consequent deprivation of the rays 
coming from a low sun of the ordinary proportion of blue. The colour of the 
light with which the sky is then illuminated is very variable, depending partly 
on the size of the particles of dust which produce the scattering and partly 
on the length of the path of the light through the lower atmosphere. 

One example of the action is the illumination of the snow peaks by crimson 
light after sunset. A notable crimson colour is seen forming the bright lining 
of clouds at sunset in the prairies of North America. 
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THE EFFECT OF WATER-DROPS 

So far we have regarded solid and liquid particles as auxiliary causes of the 
scattering of light. We have now to consider them as opaque obstacles in the 
path of the rays of the sun or moon. 

Dijfr action of light 

We are thereby brought to the most rudimentary experiments on the dif- 
fraction of light upon which the undulatory theory was constructed by Christian 
Huyghens, Thomas Young and Augustin Jean Fresnel, between the latter part 
of the seventeenth century and the middle of the nineteenth. Isaac Newton 
investigated the dispersion of light by a prism and other colour-phenomena, 
and, for reasons to which recent advances of electrical theory have brought 
support, declined to entertain the wave-theory. However far in the present 
century physical theory may have drifted away from the undulatory theory 
as understood in 1812, the experimental basis remains unaltered. Two narrow 
beams of light supplied originally from the same source “interfere” where 
they are superposed, that is to say they behave as though the light consisted 
of oscillations which can reinforce or destroy one another according as they 
are in the same or opposite phases. (See vol. ii, p. xxxii.) 

Young’s fundamental experiment affords a simple illustration. A very small 
aperture, linear or circular, in a screen A (fig. 37), preferably linear in order to 
make the result more easily visible, allows 
a beam to pass and illuminate two similar 
apertures b^, bg in another screen placed in 
front. Each of these two apertures becomes 
a source of light, derived originally from 
the common source, which illuminates a 
third screen C. The waves from bj and bg 
will arrive then simultaneously at the 
central point c of the screen, because the 
velocity of the light is the same for both 
and also the length of the path which it has 
to travel; but in all other parts of the screen the wave in one ray will lag 
behind that in the other, and the lag at any point will be determined by the 
difference in the length of the two paths tending to that point. The effect 
upon a beam of light, of wave-length A, of the gradual increase of lag with 
distance from the middle position results in the conjunction of the waves of 
the two beams at successive points c^ , Cg , C3 on the screen, and the opposition 
of the waves at points nearly midway between them. Consequently for that 
particular wave-length there will be an alternation of bright and dark lines 
at intervals measured from the middle bright line. 

If the area of the screen under consideration be limited to an angular 
distance from the middle line so small that the sine of the angle may be taken 
as equal to its arc a on a unit circle, the distance of the first bright line from 
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Fig. 37. ‘‘ Interference” of two beams 
of light from a single source after pas- 
sage through two small slits hi and b2 . 
In practice the distance BC is very great. 
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the central line, and the separation, c, of successive bright lines on either 
side, will be given by the equation c/1 = A/b, where 1 is the distance of the 
receiving screen from the slits and b is the distance apart of the slits. 

If the light of the incident beam is white light, and therefore includes all 
wave-lengths between A = *4 micron and A = -8 micron, the lines for the 
several colours will appear on the screen, violet inside and red outside, at 
successive distances, the second maximum of the extreme violet being just 
superposed on the first maximum of the extreme red ; beyond that limit there 
will be a superposition of colour which becomes more complicated with 
increasing distance. 

The formula may be written in the form c /1 = A/b = a, and a is the angular 
distance of the bright line from the central line as viewed from the screen. 

The process of interference which is here described is different only in 
experimental detail from that which has been referred to in the case of sound, 
as the interference of Huyghens’s zones, on p. 41. 


Solar and lunar coronas 

The succession of bright and dark lines in Young’s experiment, where the 
incident light is of a single colour, or the succession of colours if the light 
is composite, has received the name of fringes, and is due to the diffraction 
of the light by the central intervening obstacle. In order to see them in the 
actual experiment they must be received on a screen and magnified or viewed 
through a suitably placed eye-piece; but we can apply the reasoning to the 
explanation of the coloured rings which may be seen when the sun or moon 
is viewed through a cloud of particles not dense enough to obliterate the 
luminous body altogether, and uniform enough to sort out the colours by the 
diffraction of the beams caused by the small obstacles. 

For this purpose we regard the particles as spherical and the two beams 
that graze a particle on opposite sides as corresponding with the two beams 
that come through the separate slits in Young’s experiment. Every diameter 
of the drop furnishes a pair of interfering beams, and the arrangement of the 
diffracted light is consequently circular, not linear; but the separation of the 
bright and dark lines along any diameter follows the law which is applicable 
to the pair of slits. 

To make the analogy quite complete we ought to have each drop surrounded 
by a circular screen to cut off all the light except a circular slit framing the 
drop. In the absence of an arrangement of that kind we have to allow for all 
the light which passes the drop outside the narrow circle that produces the 
interference; but we get over that difficulty by suggesting that there are a 
multitude of drops all acting together, each one blocks out something, and 
each one in doing so produces its own set of fringes. All the drops which we 
have to consider are comprised within the angular diameter of the sun or 
moon ; they are therefore within a quarter of a degree from the centre of 
illumination, and if the particles are sufficiently small to give visible circles 
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of colour at distances of several degrees from the centre, we may consider 
the sets of rings of all the separate particles as approximately coincident, and 
the resultant set of rings as representing sums of the energy of vibration of 
all the separate rings. The suggestion is not exactly true, but it will serve for 
the immediate purpose if we allow for some confusion in the region im- 
mediately surrounding the circle of the luminary. The concurrence of the rings 
belonging to different particles will become more satisfactory in the regions 
of larger radius, in the same way as a pinhole image of the sun gets more like 
the sun with increasing distance. 

For the first bright ring formed by a particle of diameter b we use again 
the approximate formula a = A/b, and now, while looking at the centre, we 
become conscious of a ring of particles in the position round the centre 
which is at the angular distance a. Every part of that ring illuminated from 
behind by light parallel to the illumination of the centre, will send to the 
observer's eye the component of its first maximum of the wave-length A, and 
so on for all the particles of any other ring, so that the observer will get the 
impression of a series of rings surrounding the centre according to the law 
a = A/b, where a is now the radial angle of the select ring of particles and 
approximately the same as the angular diameter of the first ring of maximum 
illumination for a particle at the centre. 

We have estimated the size of cloud-globules at 10 microns, -01 mm. So 
the first ring of extreme violet for which A = -4 micron should have an angular 
radius of -04 radian or and the red 5°. In favourable circumstances the 
sequence may be reproduced though with an increasing overlapping of the 
colours, and it will be understood that, as representing the combination of a 
vast number of separate systems not exactly coincident, the definition of the 
rings cannot be very precise. 

The result is sufficiently near to the measurements made by observers to 
satisfy us that the phenomena of the coronas round the sun or moon are 
really due to the diffraction of light by cloud-particles. 

The Meteorological Glossary defines corona as a coloured ring, or series of 
coloured rings, usually about 5° radius; and the Observer's Handbook of the 
Meteorological Office, 1926 (p. 63), says: 

Coronae invariably show a brownish red inner ring, which, together with the bluish- 
white inner field between the ring and the luminary, forms the so-called aureole. 
Frequently, indeed very frequently, the aureole alone is visible. The brownish red 
ring is characteristically different from the red ring of a halo ; the former is distinctly 
brownish, especially when the aureole alone is visible, and of considerable width, 
whereas the latter is beautifully red and much narrower. If other colours are distin- 
guishable, they follow the brownish- red of the aureole in the order from violet to red, 
whereas the red in a halo is followed by orange, yellow and green.. . .The size of 
the diameter of the ring has been erroneously suggested as.a criterion for distinguishing 
between halos and coronae, but a corona may be quite as big as a halo. The diameter 
of a corona is inversely proportional to the diameter of the particles in the atmosphere 
by the agency of which it is formed. Bishop’s ring has furnished a well-known example 
of such a corona. 

In the year following the eruption of Krakatoa 1883 and again in 1903 after the 
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eruption of Mt. Pel6e, a brownish red ring of over 20° radius was frequently seen 
with a clear sky. It was proved to be an unusually large corona. 

[It is named after its first observer S. Bishop of Honolulu.] 

Extending the calculation of p. 82 for an angle of 20°, and assuming that 
the outer edge of the ring is the position of the first red ring, the size of the 
particles would be about 2 microns, which suggests dust-particles rather than 
water-globules. 

An artificial corona 

The imitation of the phenomenon of the corona on an experimental scale 
is quite easy. It requires a small point of light surrounded by a dark back- 
ground, and ‘ ‘ dust ” of very fine and very uniform particles interposed between 
the observer and the point of light. If an electric lamp be surrounded by a 
brown-paper screen in which small holes, about 2 mm diameter, are punched, 
and the points of light thus limited are viewed through a plate of glass which 
has been dusted over with the spores of lycopodium, the coronas are con- 
spicuously visible. 

The experiment furnishes in fact a method of measuring the diameter of 
small particles or fine fibres. This was at once recognised by Thomas Young, 
who based on it an instrument for measuring the diameter of wool-fibres 
which he called the eriometer. All that was required was to add, to the small 
aperture with dark surrounding, a means of measuring the angular diameter of 
the rings. This he provided by marking a circle of known diameter with small 
holes round the central aperture. Light of known wave-lengths must be used 
or the instrument must be calibrated by being employed upon particles or 
fibres of known size. The formula by which the size of the particles can be 
calculated from the angular radius a of a ring of known wave-length A is that 
which we have used already, viz. b = A/a. 

The age of coronal clouds 

There is in fact an abundance of natural examples of the formation of 
fringes or coronal rings by diffraction in the manner described. 

A very effective experiment is often provided automatically by the light 
of a street lamp viewed through a carriage- window which has become 
“steamed” by the condensation of water- vapour on the interior surface. 
Excellent coronas are produced in that way in the earliest stages of the pro- 
cess of condensation, and the question is thus raised as to whether the uni- 
formity which the formation of coronas demonstrates is natural to the earliest 
part of the life-history of a cloud or is developed in later stages by the settling 
of the original particles. 

If the particles were solid we should be disposed to argue that the gradual 
settling would be equivalent to the industrial process of levigation, and the 
cloud would develop layers, each layer containing drops increasingly more 
nearly uniform in size. That may perhaps account for the more gorgeous sun- 
set colours which followed the loading of the atmosphere with dust at the 
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eruption of Krakatoa in 1883. But when the particles are liquid, formed by 
condensation and disappearing on evaporation, the situation is not controlled 
merely by settling. We shall point out in chap, viii that a cloud of water- 
globules of approximately equal sizes is intrinsically unstable in consequence 
of the laws of evaporation and condensation. Consequently our second 
thoughts would tend in the direction of assuming uniformity in the solid or 
quasi-liquid nuclei which were available for the original formation of the 
cloud, and consequent uniformity in the original size of the drops. In that 
case we should find in the formation of coronas an assurance that the cloud 
had been recently formed rather than the suggestion of a long life-history. 

Iridescent clouds 

The coronas which are most frequently noticed are those which surround 
the moon. Those which surround the sun are less frequently visible only 
because the part of the sky where they are to be seen, being close to the sun, 
is too bright to look at without some protection. Reflexion in a mirror of 
black glass is one of the means of reducing the intensity of the light within 
manageable limits. 

But the effects of diffraction are sometimes seen in the form of brilliant 
iridescent colour on clouds sufficiently far from the sun for the observer to 
be able to use his eyes without discomfort. The iridescent patches are probably 
fragments of coronal rings of a high order, as the angle between them and the 
sun may be 20® or more. 

If our surmise be correct the iridescence should be regarded as indicating 
the recent formation of the water-drops upon which it appears. 

Iridescence is due to the opacity of the particles of a cloud, not to their 
transparency. It may be seen for example in the artificial cloud of smoke by 
which sky-writing from an aeroplane is accomplished. The essential condition 
for its production is uniformity in the size of the particles. 

Glories 

The Observer's Handbook includes among the results of diffraction caused 
by small particles, the coloured rings which surround the head of the shadow 
of an observer thrown upon a fog-bank by the sun, or indeed by any bright 
light behind him. Such phenomena are known as the spectre of the Brocken, 
because they are occasionally seen there, and the coloured rings are called 
a “glory.’* 

The phenomena of the shadow thrown by the sun or moon on mist are 
carefully described by W. Larden^. He points out that each point of the 
luminary throws on the mist a shadow with the exact outline of the observer; 
the shadow-throwing light from the luminary is made up of beams of 
parallel light inclined at a -small angle. On a screen beyond the observer 
there will be an umbra which is shadowed by all points of the luminary, sur- 

1 Q.J, Roy. Meteor. Soc. vol. xxxviii, 1912, p. 37. 
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rounded by a penumbra which is only partially shadowed. On a screen beyond 
a certain distance there will be no umbra: the whole of the area will carry 
some illumination. An observer looks down a conical tube of his own shadow. 
The umbra cannot be greater than the original object: close up it is of the 
same size. Hence the descriptions of gigantic shadows of the observer on the 
cloud or mist must be read with some caution. 

“ The colours are not caused by the shadow, they are due to light diffracted backwards 
in the same way as the corona is due to light diffracted forwards. A large outer ring, 
known as Ulloa’s ring, which is essentially a white rainbow, is sometimes seen at 
the same time^.’* It is a fog-bow, that is a rainbow so close to the observer or with 
such large particles as to give no appreciable dispersion. 

The phenomena of the Brocken spectre with its glories can sometimes be 
seen quite effectively on a dewy lawn by an observer in moonlight. 

Dr Fujiwhara writes to the following effect: 

Glory is caused by dispersion of reflecting diffraction of the sun's rays by fog- 
particles just as corona is caused by passing diffraction. We can see this kind of glory 
looking at a mass of fog from a mountain- top with the sun behind. 

There is still another kind of glory which may be called Holy Shine. This is the 
luminosity surrounding the shadow of the head of the observer thrown upon dewed 
grass. As Lommel has shown this phenomenon is mostly due to the scattered re- 
flexion of the sun’s light at the surface of the leaf just behind the drop. The rays 
passing through the drop converging at a spot on the surface of the leaf and viewed 
by the observer through the drop give the sense of brightness. I made many experi- 
ments to ascertain the fact and also developed a theory and published them in the 
Journal of the Meteorological Society of Japan. 

C. K. M. Douglas^ has stated that it is usual when flying through cloud to 
see a corona before emergence and a glory on looking back at the cloud after 
emergence. 

Water-drops or ice-crystals 

We have treated the orderly diffraction which produces coronas as being 
set up by water-drops which satisfy the essential condition of uniformity at 
least in respect of shape if not of size. It has been supposed on account of 
the irregularity of shape as well as size, that ice-crystals would not show 
diffraction colours, or anyway would not arrange them in circles. That has 
given rise to the suggestion that when coronas are seen in localities where it 
is certain that the temperature of the air must be below the freezing-point of 
water, the cloud which forms the corona must consist of super-cooled water- 
drops, not ice®. 

There is no serious objection to such a suggestion; the existence of super- 
cooled water-particles is required also to explain the ice-storms which are 
common in the United States, the verglas of France or glatteis of Germany. It 
furnishes an interesting question in the physics of the atmosphere because 
we should then have to think how far a raindrop would have to be cooled 

^ The Meteorological Observer's Handbook, M.O. 191 (1926), p. 63. 

® Meteorological Magazine, vol. lvi, 1921, p. 67. 

® ‘ Coronae and iridescent clouds,’ by G. C, Simpson, Q.J. Roy. Meteor. Soc. vol. xxxviii, 
1912, p. 291.. 
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to make its conversion into a drop of ice complete if it once began. We come 
upon all sorts of possibilities such as ice with a water-centre, or water with 
an ice-centre, if, as would appear obvious, the latent heat of a water-drop is 
more than sufficient to raise the whole of the drop from the temperature at 
which the freezing begins to the normal freezing-point. 

The other side of the question whether the particles that form coronas are 
necessarily water is partially answered by the observation of halo in ap- 
parently the same cloud as that which showed corona. 

I find in a commonplace book the following note of an observation of 

8 October 1918: 

Cumuli from 3000 feet to 15,000 feet, sharply defined tops. Super-cooled water- 
drops were found with certainty at a temperature of 10° F (zfiitt) at 10,000 feet. There 
was also much false cirrus between 5000 and 15,000 feet, and in some places to 30,000 
feet; this was in some areas mixed with super-cooled water-drops. 

A halo was seen at 1 1 ,000 feet in the false cirrus close at hand and a sun-pillar was 
caused by ice-crystals at 8000 feet outside a shower. 

The question is discussed by C. F. Brooks in the June number of the 
Monthly Weather Review^ 1920. 

A lunar halo and corona were visible simultaneously from Hampstead soon after 

9 p.m. on December 25th [1920]. The sky was covered with a thin cirro-nebula, and 
no definite clouds could be seen drifting over the moon’s disc. Cirro-nebula normally 
consists of thinly scattered ice-crystals in a layer some thousands of feet thick, not 
always at a great height. On this occasion the lower part of the layer evidently con- 
sisted of super-cooled water-drops. I witnessed this phenomenon once before from 
an aeroplane. On that occasion a solar corona was caused by a thin layer of ordinary 
water-drop cloud in the middle of finely scattered ice-crystals which caused a halo. 

(C. K. M. Douglas, The Meteorological Magazine^ vol. LV, 1920, p. 274.) 

In Pemter’s book (Part iii, 1906) we find references to McConnel’s observations 
on iridescent clouds. His conclusion was that the colours were due to diffraction by 
ice-needles in clouds, and they appear in flecks and not rings, because the clouds are 
far from the sun and do not wholly surround it. When such colours appear at 20® 
and more from the sun, the maxima must be of fairly high order, as for instance 5th 
or 6th. The smallest ice-crystals measured on Ben Nevis were 0-0074 mm. For such 
the 5th maximum in the ring system would appear at 23® from the centre. But the 
difficulty then is that the intensity should be only half a hundredth of that at the 
central spot. 

{A History of the Cavendish Laboratory ^ Longmans, Green and Co., 1910, p. 129.) 

There are many details about the phenomena attributed to diffraction 
which we have not referred to but which can be found in Pernter and Exner’s 
work or other memoirs specially devoted to the subject. We have based such 
conclusions as we have drawn upon the simple formula of Thomas Young. 
H. Kohler^, in the course of his discussion of clouds, remarks that according 
to Mecke the formula does not hold for small droplets of radius less than 
"4J0C because refraction phenomena appear as well as diffraction. These are 
in consequence sources of error in optical measurements. Fortunately how- 
ever the great majority of drops have radii to which the optical methods of 
measurement can be applied. 

1 Geofysiske Publikationer, vol. ii, No. 6, Kristiania, 1922. 
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Refraction of light. The rainbow 

When water-drops are sufficiently large to return an appreciable part of 
the sunlight which falls upon them by reflexion from the back surface a rain- 
bow is formed and appears to an observer who has his back to the sun as a 
series of narrow circular arcs each showing the colours of an impure spectrum. 
The formation of the bow appears to require raindrops as distinguished from 
cloud-particles, as rainbows are only seen in the sunshine which follows a 
shower of rain. 

A remarkably successful photograph by G. A. Clarke is shown in fig. 38. 

Rainbows are not all the repetition of the same appearance whenever the 
sun shines upon falling rain. Much attention has been given by Pernter to 
the colour and distribution due to differences in the size of the drops. A 
summary is given by Whipple in the Dictionary of Applied Physics. 

The arcs are all Centred on the continuation of the line from the sun to the 
observer and they appear as curves in 
a plane at right angles to that line. 

The most brilliant of them is the 
primary bow which has an angular 
radius of about 42®. Not more of the 
arc can be seen by an observer on a 
level plain than corresponds with an 
angle of 138° from the position of 
the sun in a vertical plane. Hence 
from level ground a rainbow is in- 
visible if the altitude of the sun is 
greater than 42°. When the sun is on 
the horizon at sunrise or sunset one 
half of each circular arc is visible. 

But if the observer is in such a 
position that the line of his vision at 
42° below the line of the sun’s ray 
is unobstructed except by raindrops 
which can perform the refraction and 
are also in the sunshine, the complete circle may be seen. The conditions are 
quite readily satisfied for example when the sun shines past an observer on 
board a steamer in the spray of the Niagara Falls. A complete circle can 
sometimes be seen there, and in other places where the corresponding con- 
ditions prevail. The order of colours in the primary bow is violet inside and 
red outside. The secondary bow is outside the primary, and sometimes almost 
as brilliant. In it the sequence of colours is opposite to that of the primary. 
The red is inside and the violet outside. Within the primary or outside the 
secondary are other arcs which are called supernumerary bows, sometimes 
three or four. There is a tertiary bow, which is seldom noticed, between 
the observer and the sun. In none of the arcs are the spectrum colours pure. 



Fig. *3 8. Nimbus and a rainbow: 2 Octo- 
ber 1919, i6h. A screen of rain is falling 
in the middle distance, and a primary rain- 
bow, with a faint outer secondary bow, 
have become visible. The lighter space 
within the primary bow is plainly shown, 
and near the crest of the arch several 
supernumerary bands are seen. (G. A. 
Clarke, Clouds^ Constable and Co., 1920.) 
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In the photograph the region within the arcs is clearly lighter than outside. 

In rainy districts like the west of Scotland, where they have acquired the 
name of sun-dogs, fugitive portions of arcs are often seen against the moun- 
tain slopes. 

The primary bow is said to be formed by one reflexion at the back of the 
drops and entrant and emergent refractions, the secondary by two reflexions 
within the drop and the entrant and emergent refractions. For the super- 
numerary bows special portions of the reflected light are utilised. An account 
of their formation will be found in Humphreys’s chapter on “Refraction 
phenomena.” 

The erroneous assumption that all rainbows show the same sequence of colours 
and have the same radius has caused the careful study of the phenomenon to be much 
neglected It has been shown that the colours of a rainbow as well as their extent and 
the position of the greatest luminosity are very variable and depend on the size of the 
drops producing the bow. 

{The Meteorological Observer's Handbook^ M.O. 191, 1936, p. 64.) 


The formation of rainbows 

The best approach to the analysis of the process of formation is a practical 
examination of the effect upon a sunbeam of a sphere of water. It is perhaps 
easier to use a sphere of glass such as the ball of a Campbell-Stokes sunshine 
recorder. The difference between the two does not involve any optical principle ; 
it lies only in the difference of refractive index, 4/3 for water and 5/3 for glass. 
The story of the behaviour of a transparent sphere towards a sunbeam is a 
good illustration of the complexity of the physical problems which are pre- 
sented by the atmosphere, even when the principles are simple and quite well 
understood. 

If we take a parallel beam AA' pro- | 
ceeding from a single point at a great 
distance (such a simplification does 
not happen in nature, but the sun’s 
diameter is only half a degree of arc, 
and we can accept that for the moment 
as a point) we have first the reflexion 
of the rays at the outer surface of the 
sphere with the formation of an image 
at a, midway between the surface and 
• the centre, not really a point-image, 
for obviously the ray which strikes the 
sphere at the 45 degree point will be sphere, 
sent off at right angles to its original 
direction, and therefore appear to come from a point on the axis which is 
at the distance ^r from the centre instead of ^r. That does not prevent 
the eye appreciating a picture of a bright object by reflexion at the surface; 
so each raindrop in the sunshine should sparkle with an image of the sun 



Fig. 39 The reflexion of the several parts 
of a beam of parallel rays of light by a 
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half a radius below the surface to be seen from anywhere on the same side 
of the drops as the sun, and a cloud of raindrops in the sun should sparkle 
like dewdrops on the grass. That is not the impression which an observer gets 
when looking at a rainbow and we must conclude that the raindrops collec- 
tively form a poor reflector compared, with the smaller but much more 
numerous globules of a cloud. 

What is left of the beam, after reflexion, enters the sphere. Each ray is 
subject to the law of refraction sin t = [jl sin/, where i is the angle of incidence, 
j the angle of refraction and [jl the 
index of refraction. The extreme rays 
AX, A'X' must be regarded as grazing 
the sphere without entering, and any 
part of the ray that gets in would have 
an angle of incidence 90° and an angle 
of refraction of 48°. This value is 
given by the equation sin90°/siny = /x, 
the index of refraction of the water, 
that is 1*33. All the entering light is 
accordingly concentrated on the back 
surface of the sphere between Y and 
Y' (fig. 40), There a considerable part 
gets out by refraction forming an 
image of the sun at Z, again not a per- 
fect point-image but one which can 
be said to have a focus where indeed 
the card is placed in the case of a 
sun-recorder. 

The remainder is reflected from the surface between Y and Y'. Each ray 
takes a different direction on reflexion and so the reflected beam forms a fan 
which spreads over a wave-front extending from U to U'. The ray is deviated 
at entry to the extent of i —j, deviated again at reflexion to the extent of 
180° — zjy and deviated again on emergence to the extent of i —7. So the 
whole deviation after one reflexion within the drop is 2 (j — j) + 180° — 37. 

There will be a second reflexion at the point where a ray after its first 
reflexion strikes the surface again, and again a third reflexion and so on; 
hence a ray which enters the sphere will be reflected over and over again,' 
for ever, inside the sphere, and will part with some of the energy of its vibra- 
tion in the form of an emergent ray at each reflexion. 

So a spherical drop becomes a sort of wheel from which rays emerge after 
reflexion in unnumbered and indeed innumerable directions. The deviation 
of any ray depends on the angle of refraction 7, and that again depends upon 
the refractive index /x. Consequently the direction of the emergent ray will 
be different for every different wave-length of the incident light, and the 
complicated fan of rays into which the incident beam has been converted will 
everywhere be coloured. 
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Fig. 40. The passage of a beam AA' of 
parallel rays of light into a spherical drop, 
showing the angle over which the emergent 
beam UU' is spread by refraction at entry 
and at emergence, and by reflexion at the 
back of the drop between Y and Y'. 
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The angles of incidence on the inner surface are all the same for the same 
colour of the same ray; each of them is equal to/ the angle of the first refrac- 
tion. If j should happen to be exactly commensurable with 360° the same 
place of internal incidence will be repeated, but that could only be for one 
colour. 

Every reflexion adds 180° — zj to the deviation, and alters the position from 
which the refracted rays emerge, but it makes no difference to the form of 
the fan except that at each reflexion the amount of light is always reduced by 
the amount which has been refracted outwards. 

We have been thinking so far of parallel rays that lie in the plane of the 
paper, and what has been said is equally true of the rays in any plane that 
passes through the centre of the sphere ; so the distribution of the light which 
emerges after one reflexion will include that which is derived from all the 
rays between A and A'. The axis of the pencil, the ray that passes through 
the centre of the sphere itself, will be reflected back on its own path and its 
deviation will therefore be i8q°. 

The sprinkling of coloured light which the emerging beam provides is so 
much dispersed over the region in front of the sphere that the effect would 
pass unperceived like the images by external reflexion, if it were not for the 
fact that the emergent rays are much more congested in one part of the field 
than in others. The congestion takes place not far from the position of the 
extreme ray A, which can be identified by the following calculation : 

For one reflexion the deviation D of the incident ray is given by the formula 

X) «= 180® - 1 - 2i — 47. 

This will pass through a maximum or a minimum where SD *= o ; that is where 

df =* 2dy, 

since sin z = ju sin^, and ~ 4/3, cos i di’/dj «= cos/, 

cos i ~ 2/3 cosy, whence cos* i « 7/27, 
cos i => *509; 

hence i « 59° 24' andy = 40® 13'. 

From which we compute D =» 180® — 42°. 

The position is a minimum if d*iD/di*, which equals 3 sin 1/2 cos z, is positive; and 
this will be the case because the angle i is less than a right angle. 

Hence the ray of minimum deviation where it leaves the sphere is inclined at an 
angle of 42° to the line of the incident ray. The angle of incidence of the ray which 
suffers least deviation is approximately 60®. 

Rays of slightly greater incidence than that which suffers minimum devia- 
tion and rays of slightly less incidence will pass very close to the minimum ray, 
the former crossing it, the latter not reaching it. 

Here then is a congestion of rays forming a beam which strikes the drop 
with angles of incidence in the near neighbourhood of 60° and suffers minimum 
deviation. It goes by the name of the Descartes ray. If the incident light be 
horizontal, an eye for which the drop has an elevation of 42° will catch the 
congestion of rays that have the index of refraction 4/3. 
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The index of refraction is greater for violet light than for red, the deviation 
is in consequence greater for the shorter wave-length ; the red ray is therefore 
more nearly vertical, and the drop which supplies the red colour to an observer 
at O must be above the one which supplies the violet (fig. 41). In other words 
the red arc of the primary bow is above 
the violet one. 

The drops that are too low for the ray 
of minimum deviation to reach the eye will 
send to the observer rays belonging to the 
fringe of deviations greater than the mini- 
mum. Hence all the drops within the 
primary bow will send a confused mixture 
of rays of all colours. The effect explains 
why the region within the primary is 
brighter than that outside as shown in the 
photograph of fig. 38. Within that region 

any light which has a deviation substantially violet to one R that shows red to an 
. . r j 1 observer O on the ground, 

greater than the minimum finds a place. 

The secondary bow is formed in like manner by the light which is reflected 
twice from the inner surface of the drop, and has in consequence a minimum 
deviation of 231®. A horizontal incident ray enters the lower part of the drop 



Fig. 41 . The path of the Descartes ray 
with minimum deviation of 42°, and 
the relation of a drop V that shows 



Fig. 42. Multiple reflexions in a water-drop of rays originally horizontal. Paths of the 
rays of minimum deviation for light which reaches an observer ® after suffering one, two, 
three, four or five reflexions within a water-drop. 


and emerges with an inclination of 51° to the horizontal. The observer must 
therefore look, for the secondary bow, at raindrops which are at a greater 
altitude than those that furnish the p rimar y 

Other bows can be formed by additional reflexions within the drops, but 
the one next in order to the secondary has a deviation which requires the 
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observer to look for it towards the sun. In like manner the fourth bow is to 
be looked for against the sun's rays over the third, but the fifth bow is again 
in the cloud. 

The tracks of the rays of minimum deviation in the first five bows are shown 
in fig. 42. 

The rays of minimum deviation in an axial section of successive rainbows 
all have the same angle of incidence and cut off equal sectors from the circle ; 
all are accordingly supplied by the small bundle of rays which forms the 
congestion of the first bow. 

The phenomena are extremely complicated. The rainbow as a scientific 
instrument is not at all easy to use. It supplies an unlimited number of 
problems for the exercise of the ingenuity of the specialist. 

The darkness of clouds 

The heavy rain-clouds which generally form the background of a rainbow 
are dark, and indeed the darkness of an approaching storm is too well known 
to need description. It is characteristic of nimbus and cumulo-nimbus cloud. 
Darkening shadow can also be discerned on the under side of the heavier 
examples of summer cumulus. The other ordinary types of cloud are not 
suggestive of darkness. 

Although darkness seems to attach to clouds from which heavy rain is 
falling, or will presently fall, and is therefore suggestive of large drops, rain 
is not so effective in restricting visibility as a cloud of finer drops. A wisp 
of floating cloud obliterates even the sun, but rain, even heavy rain, does not 
interfere to anything like the same extent with the visibility of a distant lamp. 

It would appear therefore that it is not the presence of heavy raindrops 
in a cloud that makes the darkness underneath it, but the actual thickness of 
the cloud itself, above its lower surface. Great thickness is certainly a charac- 
teristic of the clouds of the cumulus and especially of the cumulo-nimbus 
type. 

It is estimated that about 80 per cent, of the incident sunlight is scattered 
from an ordinary cloud of the stratus type. That would leave 20 per cent, 
to be disposed of otherwise, either transmitted or absorbed. Absorption pro- 
bably accounts for very little, because water is*very transparent for the visible 
rays of the sun, and the absorption of the drops is not more than that of the 
thickness of water which they represent. That is only a few millimetres and 
would not seriously diminish the luminosity of a sunbeam. So nearly the 
whole of the 20 per cent, may be transmitted. Very much less than that is 
transmitted through a dark thundercloud. 

L. F. Richardson^ has treated the question of the opacity or transparency of 
cloud by regarding a drop as stopping the light which falls upon it, and the 
transmitted light as comprising those rays which have failed to hit a drop. 
In that way he gets a formula of the same type as Bouguer's for the loss of 
light in successive layers, and the amount of light arrested becomes a measure 
^ Proc. Roy. Soc. A, vol. xcvi, 1919, p. 31. 
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of the amount of water in the cloud. In one case for example, measuring the 
intensity of the transmitted light with a very ingenious photometer, he com- 
puted the depth of rainfall equivalent to the water in the cloud as 24 drop- 
diameters. 


THE EFFECT OF SNOW AND ICE-CRYSTALS 

The principle of minimum deviation of light passing through a refracting 
medium upon which we rely for the explanation of the rainbow finds still 
more remarkable illustration in the atmosphere when the particles are ice- 
crystals instead of water-drops. And the ice-crystals have an almost unlimited 
capacity of combining reflexion and refraction to produce the most compli- 
cated appearances in the sky, haloes and arcs of white or coloured light, 
mock suns, or moons, parhelia, anthelia, paraselenae. 

Our exploration of the subject will be limited to showing that the principal 
phenomena are within the range of explanation on accepted physical principles 
without invoking any new forces that might disturb the conception which we 
are forming of the general circulation of the atmosphere and its changes. 

An experiment which is very easily made affords an excellent illustration 
of the use of the principle of minimum deviation in the case of haloes. The 
commonest form of prism, a sixty-degree 
prism of glass, refractive index 5/3, has an 
angle of minimum deviation of about 53°. 

Such prisms are often sold with the ends 
shaped to a collar terminating with a 
hexagon so that they can be turned round 
while held in front of the eye to demon- 
strate their effects. The prism (fig. 43) 
can then be held, edges vertical, suspended 
by a string in front of the beam of a lantern. 

None of the light which goes through 
the prism can reach the lantern-screen 
with less than the minimum deviation of 
53° 

position of minimum deviation fhe spectral 

colours will be shown upon the screen, lightthattraversestheprism can reach 
the red R, R' nearest the centre with the of the screen between R 

smallest possible deviation of any kind of 

light, and the other colours in succession up to the violet V, V' deviated more 
and more. The spectra RV, R'V' for the two positions of the prism are 
shown in fig. 43. No light at all can get tb the screen between the two R’s ; 
that is dark. 

If now the prism be rotated by twisting between the finger and thumb the 
string which holds it, the coloured beam formed by the light passing through 
the prism in every other position than that of minimum deviation will be 
somewhere to the left of R or the right of R', it can never get between the 



Fig* 43* A beam of light passing 
And if the prism be held in the through a prism in its two positions 
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two. And at the same time in the actual position for minimum deviation the 
light will be most concentrated and most brilliant, and it will appear to stay 
on the screen there longer than anywhere else. So a rapid turning of the 
prism by the string gives an appearance on the screen of gradually increasing 
light from the edges to a brilliant patch at R and R' with the spectral colours 
well displayed. This appearance is represented, without the colour, in fig. 44. 

If now the prism be made also to oscillate in a vertical plane the light on 
the screen will oscillate in like manner, so that if the prism could be rotated 
while it is being rapidly turned there would be a lighted area of coloured 
circles instead of the single diametral appearance. 

That is in effect a halo similar to that seen in the atmosphere as a luminous 
ring of 22° radius round the sun or moon, with relative darkness inside and 
increasingly fainter illumination outside a ring of brilliant colour. 
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Fig. 44. The distribution, on a screen of the light of a beam which is incident 
upon a glass prism rotated rapidly about its length. 

In the atmosphere ice-particles take the place of the 60-degree prism ; with 
an index of refraction 4/3 the minimum deviation is 23®. The irregular distri- 
bution and confusedness of the crystals provide the distribution which in 
the experiment is provided by movement of the prism. 

The effect of an irregular multitude of crystals can be illustrated experi- 
mentally by allowing crystals of alum to form from the drying up of a solution 
on a glass plate, and placing the plate in the path of a narrow parallel beam 
from a lantern, when a very perfect halo will be seen on the screen. 

Ice-crystals are hexagonal prisms surmounted by a pyramid (hemimorphic 
prism) or complicated structures composed of such prisms with various 
modifications at the ends. The simplest are about a millimetre long. A hexa- 
gonal prism can be obtained from the triangular prism by truncating each edge 
parallel to the opposite face. Any pair of alternate sides will therefore act in 
the same way as the sides of a 60-degree prism. In the rotation of a hexagonal 
crystal about its long axis there would be six positions in which the prism 
would act as a 60-degree prism. Hence the behaviour of a cloud of ice- 
particles is actually represented by the triangular prism in varying positions 
except in so far as the index of refraction of glass is different from that 
for ice (see fig. 27). 

The halo of 22°, the primary result of the sun shining on a cloud of ice- 
crystals, is shown in figs. 90 and 91 of vol. i. Fig. 91 shows also the 
second halo-ring, that of 46® radius, which is attributed to refraction through 
two faces inclined at 90®, such as may be found at the ends of hexagonal 
prisms whether simple or capped. “ Light can enter at the end and emerge at 
another face or vice versa.” 



96 


III. ATMOSPHERIC OPTICS 

MODEL OF HALO-PHENOMENA ON A GLASS HEMISPHERE 





I 









Fig. 45 a. Solar phenomena on the Great Ice Barrier, 29 December 1902, from a 
sketch by Dr E. A. Wilson, Plate III of vol. i of the report of the National Antarctic 
Expedition^ J90J--4, 

The original sketch shows: (1) suffused brightness at the sun's position, (z) the halo-ring of 2a® with sun-pillar 
beneath, mock suns on each side, tangential arc at top, coloured arcs in the lower quadrant on either side, (3) the 
horizontal mock sun ring without special anthdion, (4) luminous arcs, two above and two below the mock sun 
ring converging towards the anthelion position, (5) four mock suns, two on the outer ring of the halo of 22®, and 
two with luminous patches beneath them near the crossing of the 00® halo which is not otherwise indicated, (6) a 
zenith circle and a fragment of the halo of 46° forming a tangential arc thereto. From a comparison with fig. 45 h 
it may be suggested that the coloured arcs right and l^t of the sun-pillar are also fragments of the halo of 46°. 

The Chinese figure at the centre of the hemisphere with its deep shadow is intended to represent the point of 
view of an observer. The figure has three faces, one directed towards the sun and the others towards the mock 
suns at 120° on either side. 


An inner halo of 18° is occasionally seen and has been photographed by 
C. J. P. Cavei. 

The details of halo-phenomena have been very fully discussed by Bravais, 
Besson, Dobrowolski, Pernter and others in the works referred to in the 
bibliography. The diagrams representing them are in some cases very com- 
plicated, and difficult to represent in book-illustrations on account of the 
many different planes in which the various rings are formed. We give here 
^ two examples (figs. 45 a and b) which have been photographed from drawings 
prepared on the interior surface of hemispherical glass covers, and which will 
be sufficient to indicate by the legend the chief elements of the phenomena. 

The circles formed by refracted light show colour with red inside merging to green 
or to a dark mixture at the outer edge. The colours are impure and are not 
generally distinguishable in lunar haloes. Colours in bright solar haloes appear not 
only in the circle of the halo but in. tangential arcs as well. 

^ Nature, vol. cxvii, 1926, p. 791. 
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Fig. 45 b. The Dantzig phenomenon of 20 February 1663. 

The model shows: (i) the sun’s position and the horizontal mock sun ring with anthelion and mock suns where 
the rinjf crosses the 22“ halo and the go° halo, (2) the 22** halo with tangential arc at the top, (3) the 46“ halo also 
with tangential arc, and (4) portions of the 90° halo. 

Besides the refraction of light through the ice-crystals there is reflexion from the 
surface of the crystals which may be reduced to order by the manner in which ice- 
crystals of different shapes arrange themselves as they float or fall. The formation of 
rings, arcs, pillars or luminous patches by reflexion may be illustrated by the light on 
the sea formed by the rays of the sun or moon shining on the irregular rippled surface 
of water. If the water were perfectly smooth an observer would see only a definite 
image of the sun or moon reflected in the plane surface, but when the surface is dis- 
turbed irregularly rays are sent to the observer quite transiently by reflexion from 
every part of the rippled surface that happens at the moment to be inclined at a 
suitable angle to form an image visible by the observer. Each observer makes his own 
selection of suitable reflectors but all see a very luminous patch round the position of 
the image in plane reflexion. With the smaller reflecting surfaces of ice-crystals, and 
their great multiplicity, the luminosity is less fluctuating than that produced by water- 
ripples but may be more widely distributed. 

The commonest examples are the sun-pillar, a column of light which extends up- 
ward or downward from the sun, and the mock sun ring, a horizontal ring of light 
extending all round the horizon from the sun. In this ring the concentration of light by 
refraction produces mock suns — intense luminescence — at the point opposite the sun, 
anthelion, or where the refraction rings cross the horizontal band, parhelia. The cor- 
responding appearances for the moon are called mock moons, or paraselenae. 

The remarkable horizontal ring all round the horizon at the same altitude as the 
sun can be explained in this way. It will easily be understood that if the sun shone 
upon a plane vertical mirror the image which an observer would see in it would be at 
the same apparent elevation as the sun itself ; and this would be the case at whatever 
position round the observer the vertical mirror might be placed, provided it were 
turned so that the image of the sun were visible to the observer if he turned himself 
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in the right direction. Hence we may conclude that an observer looking round him 
will see an image of the sun at the same angular elevation as the sun itself in every ice- 
crystal, within a certain angular band, that has a vertical face turned in the proper 
direction. The angular band will be at least as large as the angular diameter of the 
sun; all suitable crystals at the proper elevation will contribute to the effect. 


SNOW-CRYSTALS 





Fig. 46 Photographs of snow-crystals from the collection of W. A. Bentley. The white 
strips under the several photographs represent in each case a millimetre. (Monthly 
Weather Review ^ Washington^ November 1924.) 
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In describing the formation of haloes we have spoken of ice-crystals as 
the particles which refract or reflect the light to the observer. We have had in 
mind such particles as might be found in cirrus cloud or in the very fine 
snow-dust of a mountain-summit or an Antarctic blizzard ; but the ice-particles 
have the faculty of developing into snow-flakes if condensed water is avail- 
able. We pass therefore to the consideration of snow-flakes or snow-crystals. 



Fig. 466. Photographs of snow-crystals from the collection of W. A. Bentley. On the left 
nuclei of ice in water-drops (the strip below represents one-tenth of a millimetre). 
In the middle a single plate and on the right complicated structures ; in both cases the 
white strip represents a millimetre. 

** Anions the most amazing and puzzling phenomena occurring in cloudland during the winter time is this, 
that the tiny cloud-droplets, to j/ffw of an inch in diameter, often retain their fluidity during zero weather^ 
when greatly undercooled. More remarkable still is the discovery by the writer during recent years that there are 
times when these tiny fluid cloud-droplets have, imbedded within them, solid crystalline nuclei of hexagonal form ** 
[as shown in the figure on the left] . 









Fig. 47. Stud-shaped snow-crystals, combinations of columns and plates. From the 
Classification of Snow-crystals by J. M. Pernter, Meteor ologische Optik, original issue, 
p.zSs. 

Snow-crystals'', simple or composite, are of an infinite variety of shapes and 
sizes; many have been photographed and studied by W. A. Bentley, of 
Jericho, Vt., who has recently published an account of “40 years’ study of 
snow-crystals” from the illustrations of which we have selected those which 
are reproduced in figs. 46 a and b. To each of them we have added a strip 
to indicate the size of the crystal. It will be noticed in fig. 46 a that the sizes 
vary from a small fraction of a millimetre to one and a half millimetres, and 

* G. StUve has recently published a collection of photographs in a paper entitled ‘ Die 
Entstehung des Schn^es’ in the Hergesell-Festband, Bd. xv, BeitrSge sur Physik der freien 
Atmosphdre, 1929, 
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the thickness must be of the order of half a millimetre at least. It may per- 
haps be assumed that the smallest sizes are those which occur in cirro-stratus 
cloud of the higher part of the stratosphere which forms haloes. 

Growths at right angles to the main face of the crystal are shown in fig- 47, 
which is taken from the original edition of Pernter’s work. A case was once 
reported to the author of crystals in Canada which were keeled. With such a 
great variety of forms, all kinds of results of reflexion are possible. 

OTHER OPTICAL PHENOMENA 

Besides the optical phenomena which have been discussed in this chapter, 
there are other appearances in the atmosphere which an observer may note 

SKETCHES OF THE AURORA IN THE ANTARCTIC 
a b c 


d - - e 

Fig. 48. (a) Auroral streamers 9 April 190a, ah 25m a.m. (6) Corona, 8 April 1903, 
2h a.m. (c) Corona, 31 May 1903, 4hp.m. (d) Double auroral arc, vertical rays in 
upper arc, 29 August 1902, 2ha.m. (e) Low auroral arc showing above hills, 3 June 
1903, noon. 

From drawings made by Dr E. A. Wilson and reproduced in National Antarctic 
Expedition, igoi—4., Physical Observations, London, 1908. 

*#* The word corona is used in two quite diflferent senses in this chapter. 
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on occasions. Among them the aurora polaris, and the zodiacal light. The 
latter may be disposed of at once by saying that it belongs to the sun and not 
to the earth, and is supposed to be due to a cloud of particles forming an 
elliptical shape round the sun, and extending along the zodiac; it is only 
visible when the sun itself is below the horizon and requires a very clear 
atmosphere for it to be seen at all. It is more frequently seen in tropical 
countries than elsewhere, and is seen sufficiently often for it to have acquired 
an international symbol . Aurora W on the other hand belongs to the earth, 
though the light is attributed to electrical action due to particles sent out from 
the sun. The appearance of aurora is sometimes accompanied by magnetic 
storms and is most frequently observed in the regions of the terrestrial 
magnetic poles, as set out in chap, ii of vol. ii. 


PHOTOGRAPHS OF THE AURORA BOREALIS 
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Fig. 48. (/) “Belle aurore bor^ale dans le nord photographi^e k TObservatoire de 
Kristiania, le 13 octobre 1916, k loh 34m, T.M.E.C. 

Pose 3 secs. La partie la plus lumineuse k droite ^tait d'une couleur rose tr^s belle; 
le reste 6tait vert-jaune. Les ^toiles f et 17 Ursae majoris se voient au-dessus de Paurore.” 
(Carl Stormer, ‘Notes relatives aux aurores bordales,’ Geqfysiske Puhlikationery vol.ii, 
No. 8, Kristiania, 1922, PI. III.) 

(g) and Qi) Carl Stormer, ‘ Rapport sur une exp6dition d’aurores bor^ales k Bossekop 
et Store Korsnes pendant le printemps de Fannie 1913,’ Geofysiske Publikationery 
vol. I, No. 5, Kristiania, 1921, PL XXXI. 

(^')>(y)» (k) Carl Stormer, ‘R^sultats des mesures photogramm^triques des aurores 
bor^ales observ6es dans la Norv^ge mdridionale de 19 ii k 1922,’ Geofysiske Puhli- 
kasjoneTy vol. iv, No. 7, Oslo, 1926, PI. XII. 
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Aurora is studied as an electro-magnetic phenomenon rather than a meteoro- 
logical one. It is however desirable for an observer to recognise the pheno- 
menon when it occurs. Observation is generally accompanied by sketches : 
we give a reproduction (fig. 48 a to e) of some made in the Antarctic by 
E. A. Wilson in 1902-3. Since that time a large number of photographs 
have been obtained by Birkeland, Stormer and Vegard, from which we select 
a few (fig. 48/ to K) to illustrate the more conspicuous features, and the 
difference of their appearance from those of rainbow, corona or halo. 

Until lately it was assumed that auroral light was only visible on the 
occasions when there were arcs or curtains seen in the sky, but recently the 
spectroscope pointed at the sky has shown a green line which is characteristic 
of the aurora to be visible on any clear night. The subject has been primarily 
studied by the present Lord Rayleigh, and has added importance to the 
identification of the physical cause of the green ray (vol. ii, pp. 27, 37) which 
appears now to be regarded as due to an electrical discharge through a 
mixture depending upon oxygen, within the province of our ordinary 
atmosphere. 

De Tensemble de ces travaux, McLennan conclut actiiellement que d’apr^s le 
spectre de Taurore, I’oxyg^ne et Tazote doivent exister dans la haute atmosphere, alors 
que ce spectre ne donne aucune indication sur la presence de Thydrogene, et ne 
n^cessite pas non plus la pr6sence d’heiium. Ces rdsultats n’appuient done pas rid^e 
ddduite de Tapplication de la loi de Laplace, c^est-k-dire Thypothese de la preponde- 
rance de gaz Idgers dans la haute atmosphere. 

(Ch. Maurain, ‘La physique du globe et ses 
Revue scimtifique, 28 juillet 1928.) 



CHAPTER IV 

RADIATION AND ITS PROBLEMS 


Normal measure of solar constant 135 kilowatts per square dekametre, 1*932 calories per square centimetre per 
minute. “Apparently subject to variations, usually within the range of 7 per cent.’* 

I gcal per cm* per min =- 69*7 kw per (10 m)* =6*97 x 10® c,g,8. 

1 gcal per cm* per day « *0484 kw per (10 m)* =4-84 x 10* c,g,s. 

I milliwatt per cm* «■ i kw per (10 m)® - 10 watts per sq. metre = 10® c,g,s. 

TOO kw per (10 m)* - 1*43 gcal per cm* per min=io“ c,g,s. 

1 gcal per cm* - i*i6i kw4ir per (10 m)® -4*18 joules per cm® =4*18 X 10’ c, g, s. 

I joule per cm® - 0*278 kw-hr per (10 m)® — 10’ c, g, s. 

Latent heat of water 79*77 cal 3'33 x 10® ergs. 

Latent heat of steam at 273tt S 97 cal, 2*495 x 10^® ergs. 

Latent heat of steam at 3.73tt 539 cal, 2*252 x io^“ ergs. 

A beam of strong sunshine upon a ten-metre square [100 kw/(io m)®] supplies energy at the rate of 10^® ergs 
per second. That is equivalent to a ten-metre water-fall of 3670 tons per hour, 
or to heat sufficient to raise the temperature of a kilometre column of air 2-9tt per hour, 
or the temperature of a slab of water one metre thick through *86tt per hour, 
or to evaporate a layer of water *144 cm thick every hour, 
or to melt a slab of ice i*i cm thick every hour. 

or to make an air-blast 16 metres thick across the (10 m)® area with the velocity of 10 m/sec, 
or to produce a normal lightning flash every day. 

THE ATMOSPHERE AS A NATURAL ENGINE 
From the consideration of wave-motion as illustrated by optical phenomena 
which have little or no influence upon the transformations of energy in the 
atmosphere we pass to the measurement and disposal of the energy which is 
associated with the wave-motion represented by radiation from the sun and 
sky and from the earth. 

We regard weather as a sequence of incidents in the working of a vast 
natural engine. In its complexities the atmosphere, a heterogeneous mixture 
of air and steam, is at once the working substance of the natural engine and 
the cylinder or environment in which it works. We think of the sun as the 
furnace and sunbeams as the mode or agency for the conveyance of energy 
from the furnace to the working substance, either directly by atmospheric 
absorption or indirectly through the intermediary of the surface of the earth 
or sea. Void space itself, with its unlimited power of receiving the energy of 
all kinds of radiation and making no return, if we disregard the cosmic rays 
which are the subject of investigation by R. A. Millikan, is a very perfect 
alternative for the water which circulates in the condenser of an engine; 
terrestrial radiation is the mode or agency by which energy is conveyed into 
space directly from the atmosphere or through the atmosphere from the boiler 
(the surface of land and sea), which lies beneath it. It is customary to speak 
of terrestrial radiation as long-wave radiation. On the other hand the radiation 
received from the sun is generally spoken of as short-wave radiation. The 
difference between these two conceptions will be understood from the diagram 
of fig. 100 of vol. I which comes under reference so often that it may be 
repeated overleaf (fig. 49). 

Falling on the earth’s surface at the base of the atmosphere, the energy 
received from the furnace may devote itself to raising the temperature, or 
converting ice into water, water into steam or ice into steam, or express itself 
in the kinetic energy of wind. 


( 103 ) 



FIG. 49. SOLAR RADIATION AND TERRESTRIAL RADIATION — ^RELATION OF ENERGY TO WAVE-LENGTH 


104 


IV. RADIATION AND ITS PROBLEMS 



oo 


<!■ 


Z " 

< I 

CD ^ 
2 uj 

Oinm 

Q. ^ t 

n — 
gli-U 

OD y 
<f <X 

^ n 


z 

D 

tr 

a 


li. 

o 


ui 

I ^ 


*^03 AQ NOIlddOSgV 


■3NOZO AQ NOIld^OSgV 


b 

z 

u 

□1 

yf> 

z - 
< 
a 
I- 
LU ‘ 

o 

O 

z 

< 


■>jnOdVA d31VM JO SQMVQ NOlidVdOSQV 


■tMnvdj-oids 3H1 JO NoaoiKM u3d 3ax3wva3a aavnos asd sj.i.vNvoniv) jo 3nvos 



THE HEAT-BALANCE 


105 

The result of meteorological observations as set out in vol. ii leads us to 
conclude that the atmosphere as a whole is not becoming permanently warmer 
or cooler, nor moister nor less moist; nor is the atmospheric circulation be- 
coming permanently more vigorous or less vigorous ; in other words, taken 
altogether, the atmosphere is making no permanent accumulation or loss of 
energy, thermal or kinetic. 

The heat-balance 

As a representation of the mode of treatment of the subject from the point 
of view of the working of an engine which returns to space the whole of the 
energy which it receives from the sun, and which depends consequently upon 
the conversion of “short-wave ” radiation from the sun first into heat and then 
into “long- wave” radiation of earth, sea and air, we give a general balance- 
sheet of the energy involved in the process, based upon the computations of 
W. H. Dines^ and represented by him in a diagram which is reproduced in 
slightly modified form as fig. 50. 

The figures which are inserted in the balance-sheet are taken from Mr Dines ’s 
paper, converting only his figures for the day’s total in gramme calories 
per square centimetre to kilowatt-hours per square dekametre of the earth’s 
(horizontal) surface. Mr Dines supports his figures by consideration of the 
available data. In the later sections of this chapter we shall consider the results of 
recent measurements of some of the items, but we shall not discuss their relation 
to Mr Dines’s figures. We are using the figures in order to represent to the 
reader the unavoidable complexity of the general problem of solar and ter- 
restrial radiation. We need only remark that after a separate analysis of the 
debit and credit sides of the atmosphere’s accounts with quite independent 
data Dr G. C. Simpson has satisfied himself that the accounts balance with 
a difference of two per cent, not merely for the whole of a normal year but 
separately for each month of it. 

Mr Dines’s figures are relied upon in order to give the reader an idea of 
the order of magnitude of the several items. We would not advise him to 
demand a justification of the details until he has made himself familiar with 
the information which follows. If then he is disposed to make a balance-sheet 
for himself we shall have achieved our purpose, and we will not spoil his 
enjoyment by anticipating the result. 

Transactions between the surface of the earth or sea and the subjacent 
layers are not brought to account; they also may be regarded as being in 
balance, but we note a remark of Nansen’s^ about the persistent flow of water 
in the rivers of Greenland which come from the “ inland ice” even during the 
winter. “The consequence is, in the lower layers of the great ice-sheet, 
melting must go on independently of the temperature of the surface.” From 
this it may be inferred that some of the earth’s heat is used in winter, and there 
is no definite evidence that it is restored in summer. 

^ ‘The heat-balance of the atmosphere,* Q . J . Roy. Meteor. Soc. vol. xliii, 1917, p. 151* 

^ The First Crossing of Greenland, Longmans, Green and Co., 1919, p. 438. 
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From measurements of thermal conductivity in relation to the drift of 
the ship Maudy 1922-25, the late Finn Malmgren^ estimated the amount of 
heat passing from sea-water to air in the Arctic regions at 6800 gcal/cm^ 
per annum. The supply m the cold months September to April amounted 
to 7670 g cal/cm^, sufficient to melt ice 96 cm thick. The corresponding rate 
per day is 317,000 gcal/m^, sufficient to raise the temperature of the lowest 
150 m of air by 6-9° C. 

The balance-sheet here presented is drawn for energy expressed as solar or 
terrestrial radiation with an allowance for heat absorbed in evaporation or con- 
veyed by conduction at the surface. Nothing is included on account of what 
used to be known as the secular cooling of the earth when physicists felt justified 

THE HEAT-BALANCE OF THE ATMOSPHERE 


Outer Limit of the Atmosphere 
Short Waves Long Waves 



Fig. 50. W. H. Dines’s scheme of transference of energy between 
the sun and earth and space. 


in computing the age of the earth from the distribution of temperature beneath 
the surface; nor is anything included on account of the heating effect of radio- 
activity which is contingent upon the spontaneous transmutation of certain 
minerals. That also, perhaps properly, can be regarded as a secular effect so 
slow that its influence upon the sequence of weather would not be noticed 
within the lifetime of an ordinary observer. 

A balance-sheet of this kind cannot be held to apply to any individual 
locality, it must be taken as representing average conditions for the whole 
earth. At a selected station on land or sea the outgoing radiation will depend 
upon the temperature of the surface and upon the composition and tempera- 
ture of the air above it, which are not controlled exclusively by the amount 
of radiation received in the same locality. 

^ ‘ On the properties of sea-ice/ Scientific results of the Norwegian North Polar expedition 
with the *Maud; 1918-25, vol. i, No. 5, Bergen, Griegs Boktrykkeri, 1927, pp. 64-6. 
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The actual figures of account for any locality would have to make allowance 
for the heat- transference by the movement of water and air, nothing less indeed 
than the general circulation of the atmosphere, and in the absence of particulars 
of those items the account would not balance. 


Terrestrial meteorology in account with the solar system for a normal 
day^s work in radiation 

Kilowatt-hours per square dekametre of horizontal surface 


Sun and space 


Meteorology, Dr. 

(A) to the sun for short-wave 

radiation 

[“The intensity of the solar 
constant is taken as 2 g cal/ 
(cm* min), the amount re- 
ceived by the earth per day is 
2 X 24 X 60 X wO* and this is 
spread over a surface of 4'rrO\ 
hence A « 720 [g cal/cm*] . This 
is capable of warming the 
atmosphere 3tt per day*T 


(D) by short-wave radiation re- 
flected or dissipated by air or 
earth (albedo) 

(K) by long waves from earth 
transmitted through the atmo- 
sphere 

(F) by long waves radiated from 
the atmosphere 


11 . The Earth {land and water) 


(B) to the sun for short waves . . . 

(E) to the atmosphere for long 

waves 

(M) to the atmosphere for reflexion 
of its own long waves 


(G) by radiation of long waves ... 

(L) by transference of heat by con- 
duction and evaporation 


III. The Atmosphere 


(A) to the sun for short waves ... 

(G) to the earth for long waves ... 

(L) to the earth for heat conveyed 
by conduction or evaporation 


(B) by short waves transmitted to 
the earth (direct or scattered) 

(D) by short waves reflected (al- 
bedo) 

(E) by long waves radiated to the 

earth 

(F) by long waves radiated to 
space ... 

(K) by long waves from earth 
transmitted 

(M) by long waves returned to 
earth by reflexion and scat- 
tering 


N.B. Although it merely passes through the medium, radiation which is transrintted ^ 
included in the balance-sheet because the composition or character of the radiation may be 

altered in transmission. , , , . 1 r *4. 

The radiation which is absorbed by the atmosphere and wluch confers 
power expressed as E and F is made up of two parts, namely H the excess of G (the recapt 
W the Wth) over K + M; and C which is the excess of A received from the sun over the 
albedo D and the transmission B. 
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It may be difficult to give a categorical demonstration of the ten items of 
the balance-sheet ; but we accept it in principle when we regard the sequence 
of weather at the earth’s surface as representing fluctuations above and below 
a recoverable mean value; and since the atmospheric engine is constantly 
being supplied with energy from the sun, and any kinetic effect is only 
temporary, the conditions of working are those of a complex engine in which 
the whole of the heat passes within a limited time from the furnace to the 
condenser; on the way it may produce kinetic or dynamical effects within 
the atmosphere itself ; but the energy displayed in that way is gradually re- 
converted into heat. The only irreversible change during the process is the 
transformation of the energy jfrom short-wave radiation, as received, into the 
long-wave radiation as it passes back again into space. 

A daily balance-sheet for a surface of water. Lake Vassijaure, from observa- 


tions extending over ten days, 21-30 August 1905, is given by A. Angstrom^, 


Water surface in 

account with sun and sky 



gcal 

kw-hr 

gcal 

kw-hr 

Dr. 

cm* 

(10 m)* 

Cr. cm® 

(10 m)® 

To sun and sky... 

••• 353 

410 

Returned on reflexion ... 28 

Long-wave radiation from 

33 




water 207 

240 




Reserve by evaporation. . . 1 1 8 

137 


353 

410 

353 

410 


In this chapter we propose to examine the processes of supply of heat to 
the earth and its removal, and to summarise the information thereupon which 
has been accumulated. 

The process is very much involved because a sunbeam is itself a complex 
of rays comprising all the wave-lengths which constitute the solar spectrum. 
They vary from ultra-violet to infra-red, about seven octaves of the diagram 
of p. xxviii of vol. ii, and the behaviour of the radiation in respect of scat- 
tering, absorption and reflexion is different according to the wave-length. 

RADIATION AND ITS LAWS 

In the preceding section radiation has been discussed and a balance-sheet 
arrived at with the implicit assurance that the reader is familiar with the 
physical ideas which are associated with the word radiation. The conception 
of radiation however covers so vast a number of ideas that we may be excused 
for reminding the reader of those which are most pertinent to the study of 
weather. 

In the first place by radiation is understood the automatic transference of 
energy from one body of material of any form, whether solid, liquid or gaseous 
or a combination of all three, to any and every other body which can be 
reached by straight lines. The transference takes place, so all the available 

^ * Applications of heat-radiation measurements to the problems of the evaporation from 
lakes and the heat convection at their surfaces/ Geografiska Annaler, Bd. ii, Stockholm, 
1920, H. Ill, pp. 237-52. 
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information agrees, by some process strictly and perfectly analogous to wave- 
motion. Illustrations of all the properties of wave-motion which we have cited 
in the three preceding chapters can be given by experiments on radiation, 
and indeed wave-motion can be more perfectly illustrated by such experiments 
than by any other. 

What it is which is endowed with this property of transmitting radiation, 
which is set in oscillation by every material object in contact with it, cannot 
now be so easily explained as it might have been fifty years ago. At that time 
physicists were agreed that space and all the material substances within it 
were occupied or permeated by an undulatory, luminiferous aether which had 
the nature of a perfectly elastic solid. We could have distinguished then be- 
tween transparency and opacity. But now we are much more in the dark. 
The old question of the guides to science, “ Why can we see through a window 
and not through a door? ” with its answer, “ Because the window is transparent 
and the door is not,’’ has ceased to satisfy even the people who write books 
for children. Electrical science has brought to knowledge a whole range of 
possible oscillations which differ only in the wave-length from those which 
correspond with light and radiant heat. The range known to modern science is 
set out in fig. ii of vol. Ii. For many of these new wave-lengths the window 
and the door may be equally transparent, or the order of transparency may 
even be reversed if the wave-length and the material of the window or the 
door are skilfully chosen. 

We are accustomed to think of radiation as coming across the space between 
us and the sun, or that between us and the fire, or even from a hot-water pipe, 
and further we can feel the cooling effect upon our persons of a cold environ- 
ment even if the air which surrounds us is not itself cold. The warmth of 
radiation in the sun or the chill of exposure at the close of a clear day are 
among the commonest of commonplace experiences. These exchanges of 
energy between one body and another “within sight” are certainly associated 
with differences of temperature ; modem experience tells us that every body 
radiates energy by wave-motion to every other body “within sight” at a rate 
of delivery which depends upon the temperature of the radiator and the nature 
of its surface. The radiation travels with the velocity of light if there is no 
material medium between the radiator and its object; when there is an inter- 
vening medium such as air or water the velocity of travel is reduced in pro- 
portion to the index of refraction of the medium, and some of the energy of 
the beam is lost in transmission, partly by reflexion if there is a reflecting 
surface in the path, and partly by absorption in the transmitting medium 
itself. 

Whether we gain or lose warmth by the exchange is only a question of 
whether our temperature is lower or higher than that of the bodies which are 
visible in our environment — ^they need not indeed be actually visible, only 
potentially so ; we might see them if their temperature were high enough for 
the part of the radiation which they send us to be within the limit of visible 
wave-lengths, i.e. wave-lengths to which the human eye is sensitive. It is 
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now recognised that every body everywhere all over the earth and throughout 
the universe is constantly sending out energy by waves that originate from its 
surface or beneath the surface. This radiation is a mode of automatic com- 
munication between every material body in the universe and every other. 

Universal radiation 

All the world is familiar with universal gravitation, the laws of which were 
explored by Newton. By the operation of gravity between two bodies, wherever 
in the universe they may be, there is a stress which is radial, that is to say it 
operates also in straight lines like radiation, and its intensity follows the 
common law of illumination, the law of inverse square of the distance. 
Radiation is equally universal, but its manifestations depend not upon mass 
but upon surface and temperature ; in gravitation there is nothing quite analo- 
gous to a glass fire-screen, yet it is possible to say that gravity must be a form 
of radiation with more assurance than it was formerly, now that such an 
enormous variety of phenomena has been connoted by the term. 

The dependence upon temperature is very remarkable ; the rate at which 
any body transfers its energy by radiation depends upon its temperature 
measured not from the freezing-point of water or of mercury or of anything 
else, but from a point which is called the absolute zero, and the temperature 
so measured is the absolute temperature described on p. xix of vol. ii. 
Within the practical limits of meteorological measurement the absolute tem- 
perature is expressed in this book by what we have called the tercentesimal 
temperature. It is in effect the temperature which is concerned in the gaseous 
laws. Its increase is proportional to the corresponding increase in volume of 
air at constant pressure, or to the increase of pressure of air at constant volume. 
The difference between the temperature which expresses that idea and the 
absolute temperature as rigorously understood by physicists is an uncertain 
fraction of a centigrade degree, about a tenth. 

In practice absolute temperature is regarded by some meteorologists as an 
unreasonable innovation, a thing which no ordinary mortal should be asked 
or expected to comprehend. It is difficult to understand that attitude on the 
part of scientific authority. The idea of absolute temperature is inherent in 
every material object that exists in the universe, and has been so from the 
beginning of creation. Not only every man or animal, but every thing animate 
or inanimate adapts its behaviour according to its absolute temperature. To 
ignore that fact is to ignore one of the foundations of the physical universe. 

Of course, since everything is radiating, it is the difference of temperature 
between two bodies that determines which of the two gains energy or loses 
it during the action. So if it is only a question of gaining or losing without 
inquiring “How much?” any scale of temperature is as good as another; but 
in meteorology inevitably we must want to know how much energy we are 
gaining from the sun and how much we are losing to the air or to space ; to 
estimate the amount of gain and loss to make such a balance-sheet as we have 
given on p. 107, a knowledge of absolute temperature is indispensable. No 
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apology is needed for asking any student of meteorology, who feels alienated 
by the use of measures of temperature in the absolute or tercentesimal scale 
because he is not familiar with it, to seek an early opportunity of acquiring 
the necessary familiarity with its use. 

The statements of distinguished men of science upon this subject appear 
sometimes to be irreconcilable : 

Heat is the motion of the atoms or molecules of a substance, and temperature 
which indicates the degree of heat is a way of stating how fast these atoms or 
molecules are moving. For example, at the temperature of this room the molecules 
of air are rushing about with an average speed of 500 yards a second. 

(A. S. Eddington, Stars and Atoms, O.U. Press, 1927, p. 14*) 

Temperatures are expressed throughout in degrees Centigrade. {Ihid, p. 6.) 

But if temperature indicates how fast atoms and molecules are moving, its 
expression should make that clear even to those who are not of the physical 
priesthood. 

Transmission in straight lines 

The law of rectilinear propagation to which energy in all the forms of wave- 
motion is subject may be demonstrated by an impressive experiment de- 
scribed by Poynting and Thomson^. A tank containing hot water and a 
thermopile, an instrument which is sensitive to the radiation emitted by 
hot bodies, are separated by a screen with a hole in it. However much the tank 
may be moved about backwards and forwards or turned round, the thermopile 
enjoys exactly the same amount of radiative energy provided that its *‘eye,’* 
the hole in the screen, is always covered by the tank. It can give no indication 
of anything which is happening on the other side of the aperture. Nothing 
counts except the temperature and the nature of the surface which fills the 
aperture as viewed from the thermopile. 

The general physical laws of radiation 

In considering radiation we are concerned with emission and absorption. 
There is one important law of radiation, called by the name of Kirchhoff its 
discoverer, based upon the recognition of simple facts that bodies are always 
radiating according to their temperature and that within an enclosure main- 
tained at a uniform temperature any substance whatever, whether it be black, 
or polished, or transparent, will also keep its temperature uniform in 
consequence of the exchange of radiation between itself and its enclosure. 
It must therefore be giving out heat by radiation of every kind at precisely 
the same rate as it is receiving radiation of the same kind from the enclosure. 
The expression of these conclusions is known as the theory of exchanges of 
radiation, and is associated with the names of Provost and Balfour Stewart. 

From them it follows that in every particular a good radiator is also a good 

^ A Text-book of Physics, Heat, Charles Griffin and Co. Ltd., seventh edition, London, 
1922, p. 223. 
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absorber ; a perfect absorber like lamp-black is equally a perfect radiator ; con- 
trariwise a bad absorber is also a bad radiator. Hence it is safe to infer that 
a polished surface of silver, which is a very good reflector, is a very bad 
radiator compared with lamp-black at the same temperature. A body like 
rock-salt which is very transparent and therefore a bad absorber is in like 
manner a bad radiator compared with lamp-black, and as its surface also 
reflects it is specially bad as a radiator. In respect of the transmission of 
radiation rock-salt approximates to the idea of a portion of free space. 

It must be remembered that radiation and absorption are selective ; a sub- 
stance may be a good radiator for one wave-length and a good reflector for 
another. Snow, for example, is a nearly perfect reflector of the short. waves of 
light but a nearly perfect radiator of the long waves of heat. 

Throughout the whole of the experience of radiation there is the same com-' 
pensation. All the considerations that are necessary for questions of absorption, 
absorbing power, reflecting power, scattering power and so on, in relation to 
wave-length have their counterpart in radiating power at the same temperature. 
Hence the extraordinary complications of the general question of the balance 
of loss and gain of heat by radiation in the case of the atmosphere. 

We can begin however by considering the phenomena which are related 
to a black surface, a full absorber or full radiator, in practice a surface which, 
being coated with lamp-black or some other substance, absorbs and converts 
into heat, radiation of any length that falls upon it ; and in like manner an ideal 
black surface radiates according to its temperature without regard to other 
considerations in the manner expressed by Stefan’s law, AT = where N 
is the rate at which total energy is radiated, T the absolute temperature, and 
a a constant^ for which we have the value 5-72 x io“® if we wish the radiation 
to be expressed in kilowatts per square dekametre. 

Stefan’s law was originally introduced as a means of expressing observa- 
tions of the rate of cooling of a body in an environment colder than itself, 
which had been the subject of experiments by Newton himself and more 
elaborately by Dulong and Petit. It was deduced by Boltzmann as a necessary 
consequence by thermodynamical reasoning. 

On the theoretical side within the past twenty years the subject of radiation 
has been developed into a vast literature on the basis of Planck’s idea that the 
energy of radiation is emitted by a radiating body discontinuously, as a 
succession of very small quanta of action or angular momentum, each 
6-548 X io "27 erg-sec (O. W. Richardson). The continuous excitation of 
wave-motion in the aether can no longer be regarded as an adequate repre- 
sentation of the ultimate process of radiation. 

The newer views hardly come into consideration in meteorology so 
long as our attention is concentrated on the thermal effect. We are however 
concerned with one aspect of the theory in considering the radiation from a 

^ The value of a is quoted from Meteorological Glossary^ M.O. 225 ii, 1918, p. 330; the 
equivalent in gcal/cm® min is 8*21 x the Smithsonian Physical Tables^ 7th revised 

edition, 1920, p. 247, give o == 8-26 x io~^i g cal/cm® min; 575 x 10“® kw/(io m)*. 
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surface at ordinary temperatures, the radiation which is represented by what 
we have called long waves. For that we require the use of Wien’s law that 
the wave-length of maximum radiation is inversely proportional to the 
temperature T or approximately tt of the radiating body, 

^max = 2940 when the wave-length is measured in micron. 

Estimated on this principle the temperature of the surface of the sun is given 
as about 6000 tt. A table of equivalents of black body radiation at terrestrial 
temperatures, and the vertical component of solar radiation at different angles 
of incidence on a horizontal surface, is given in vol. ii, p. i. 

Accounting for the general application of Stefan’s law to black bodies at 
meteorological temperatures Planck gave a formula for the distribution of 
energy between different wave-lengths which may be written^ 



where is the intensity of radiation for the wave-length A. When is 
expressed in watts per cm^ per micron, and A is in microns, == 3*86 x 10^, 
Ca = 14350. 

For an account of the development of Planck’s theory the reader may 
be referred to Jeans’s Report on radiation and the quantum theory^ Physical 
Society of London, 1914. 

THE SUPPLY OF ENERGY FROM THE SUN 

We may now turn our attention to the experience that has been accumulated 
with reference to the various items of the balance-sheet. 

The information which is available about solar and terrestrial radiation is 
not sufficient for us to generalise the subject in the manner which has become 
customary with temperature, rainfall or other elements as set out in vol. ii. 
All that we can do is to give an account of the nature and extent of the informa- 
tion which is available and leave the reader to make such generalisations as he 
finds possible and necessary. The information which is here referred to is based 
primarily on the representation of the present state of our knowledge of solar 
and terrestrial radiation which was asked for by the Meteorological Section 
of the Union for Geodesy and Geophysics at Rome in 1922, and was printed 
in the Procte-Verbaux of the meeting of the Section at Madrid in 1924. 
Since the publication the information has been amplified and extended by 
Dr H. H. Kimball in the Monthly Weather Review. 

Our first consideration is the amount of energy supplied daily by the 
solar furnace, called A in the balance-sheet. For the wljole earth the mean 
value is 810 kw-hr/(iom)^. For different latitudes and for the middle day 
of each week of the year the daily total is specified in the table on pp. 4 
and 5 of vol. n, which may be brie% recapitulated here : 


S M M III 


^ Smithsonian Physical Tables ^ 1920, p. 247, 
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Solar radiation on a square dekametre of horizontal surface at the confines of the 
atmosphere on the middle day of the weeks of equinox and solstice 



week 

fp week 

ss week 

1^:= week 

Latitude 

Dec. 20 

Mar. 22 

June 21 

Sept. 20 

90° N 

kw-hr 

kw-hr 

kw-hr 

kw-hr 

0 

30 

1249 

68 

60° „ 

58 

532 

113s 

541 

3 ®: » 

540 

906 

1130 

903 

0 

977 

1038 

915 

1023 

30° s 

1207 

891 

506 

869 

60° „ 

1211 

506 

54 

482 

90 » 

1331 

0 

0 

0 


The total radiation which is directed towards a horizontal area of one square 
dekametre in the course of a year is set out in thousands of kilowatt-hours in 
the following table: 

Total radiation in the year 

Latitude 0° 10° • 20° 30° 40° 50° 60° 70° 80° 90° 

Thousands of kilowatt-hours per square dekametre 

N or S 361 356 341 317 285 247 205 171 155 150 

If the energy were devoted to the evaporation of water which would sub- 
sequently be condensed elsewhere and expressed as rainfall, the corresponding 
rainfall would be: 

# in cm 530 513 491 456 410 356 295 246 333 ai6 

The fraction which reaches the earth’s surface 

Our next consideration, for item B of the balance-sheet, is the amount of 
direct radiation which reaches the earth’s surface as derived from the energy 
absorbed by a pyrheliometer (chap, xii of vol. i) exposed directly to the 
sun s rays. The instruments of that type in practical use are the Angstrom 
Pl^heliometer, the IMichelson actinometer, the Marvin pyrheliometer^, the 
Abbot silver-disk pyrheliometer, all of which require an observer, and the 
Gorczynski pyrheliometer which is self-recordmg. 

Standard scale for a’’ black body ” 

The object of measurement with all these instruments is the same, namely 
the amount of energy conveyed in a sunbeam to a “perfectly black” body at 
the earth’s surface. It is usual to think of the black body as a square centi- 
metre of perfectly “blackened” surface, lamp-black, camphor-black, or 
platinum-black, placed at right angles to the sunbeam. 

That ideal is never exactly reaUsed. No kind of smoke, lamp-black or 
varmsh makes a surface which will absorb the whole of every kind of radiation, 
and neither reflect nor scatter any. The ideal is accordingly secured by the 
l^ders of the Astrophysical Observatory of the Smithsonian Institution in 
the form of an opening into an enclosure which is blackened inside. Any part 

^ Monthly Weath, Rev. Washington, vol. XLVii, 1919, p. 769. 
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of the radiation that gets into the enclosure through the opening has no more 
than an infinitesimal chance of getting out again by repeated reflexion, even 
if part of it is diffused over the interior by reflexion in the first instance. 

The readings of the several instruments, if they are to be properly com- 
parable, must be referred to some final standard for a perfectly black body, and 
for that purpose a scale of comparison for the various instruments has been 
established by the Smithsonian Institution according to which the reading of 
an Angstrom pyrheliometer has to be multiplied by 1*0325 to bring the results 
into comparison with the standard black body of the standard Smithsonian 
instruments. 

The Michelson actinometer, which is in effect a bimetallic thermometer, 
requires empirical graduation in any case and introduces no fresh scale of its 
own. The Gorczynski self-recording pyrheliometer, in which the radiation is 
received upon a thermopile, is calibrated at the Geophysical Institute at Parc 
St Maur, Paris . Its readings can be expressed either in the scale of the pyrhelio- 
meter of Angstrom or in the standard scale of Washington, whichever is 
regarded as the standard of reference. Either is accepted by the International 
Meteorological Organisation. 

La Commission intemationale -de la radiation solaire regarde comme de la plus 
grande importance que le pyrh^liom^tre Angstrom qui a 6 t 6 accept^ comme instru- 
ment ^talon au Congr^s d*Innsbruck, en 1905, soit compart avec un instrument 
absolu, construit d’aprfes un principe ind^pendant. Elle prie done Tlnstitut de 
M6tdorologie de Potsdam (en collaboration ^ventuelle avec la Physikalisch-technische 
Reichsanstalt, Charlottenburg) de diriger son attention sur cette question. C’est aussi 
tr^s important d*envisager le probl^me de la construction d’un instrument 6talon 
absolu, destine uniquement k des^talonnements ; et la Commission esp^re que Tlnstitut 
voudra aussi prendre cette question en consideration. 

(Rapport de la Reunion de la Commission Internationale de Radiation 
Solaire tenue d Davos, X925. Zurich, 1927, Resolution IV.) 

The solar constant 

It is upon these measurements that we depend for the values of the solar 
constant. It is determined by making a correction for the amount of energy 
intercepted by the atmosphere and thence are derived the mean values upon 
which the table given above is computed. That is a special department of the 
study of radiation more definitely related to the study of the sun than that 
of the atmosphere. Therefore we will not enter into details except to say that 
the deviation of the amount of solar energy recorded at the Observatory on 
Mount Wilson from the full amount estimated as incident outside the atmo- 
sphere is closely related to the amount of water-vapour in the atmosphere at 
the time of observation. 

We are primarily concerned with the effect of the sun’s rays directly or 
indirectly upon the air, and it will be sufficient for our purpose if we take the 
solar constant as 135 kilowatts per square dekametre, and refer to chap, i 
of vol. II for the variations in the constant which have been detected by the 
specially careful observations of Washington, Mount Wilson and elsewhere. 
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Apart from any change in the sun there will be a variation in the amount 
recorded on the earth from about 130*5 to 139-5, on account of the variation 
in the radius of the earth’s orbit in the course of the year. 

The local intensity of sunbeams 
Item B of the balance-sheet 

Observations with one or other of the recognised instruments have been 
carried out at 99 stations enumerated by H. H. KimbalP. Clearly one of the 
most important questions about any station is the degree to which the energy 
which is received in a sunbeam approximates to that which is estimated to be 
incident upon the exterior of the atmosphere ; and in answer to that question 
we have sought the highest values of solar radiation at the various stations. 

Variable causes as water-vapour, cloud or dust in the atmosphere may 
combine at the time of any observation to reduce the amount of solar radia- 
tion below the maximum recorded. The highest value thus becomes a 
“record” of the possibility of the atmosphere at a station, not of its normal 
character. 

Until further information is obtained it may be understood for any 
purposes of meteorological calculus that the incoming radiation lies between 
zero and the maximum value which has already been recorded. The outgoing 
radiation is another story. 

In some cases it has not been found possible to obtain from the published 
data an answer to the simple question which is here asked, although it is of 
fundamental importance from the meteorological point of view; the heat 
which any locality receives is beyond dispute a controlling influence in its 
weather. But many observers with pyrheliometers set themselves to deal with 
the problem of atmospheric absorption as the primary consideration and take 
less heed of the energy which is actually placed at the disposal of the locality. 
Some correct their measures for the altitude of the sun and express the 
result according to the argument air-mass i , which we understand to imply 
the sun in the zenith whether that position happens to be possible or not. 
Others more realistic prefer air-mass 2. Some correct their observations to 
the sun at mean distance, others do not; some make allowance in order to 
refer their observations to the Smithsonian scale and others quote the results 
obtained by the instrument without that allowance. Some moreover publish 
mean values only. 

In order to represent the results in their geographical environment we 
sought to show the positions of the several stations on maps of the northern 
and southern hemispheres with the highest values of the intensity of solar 
radiation recorded against them; but owing to the irregular distribution of the 
stations the project of a map has proved impracticable. Instead of it we have 
formed a table arranged according to zones of latitude 60® to 90®, 45° to 60°, 
30® to 45®, o® to 30®. In the zones the stations are arranged in order of longi-^ 
tude and the maxima recorded are entered in kilowatts per square dekametre. 

^ Monthly Weath, Rev, Washington, vol. lv, 1927, pp. 159-60. 
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Highest measures of direct solar radiation in kilowatts per square dekametre obtained from the 
results of observations in all parts of the world with pyrheliometers of various kinds. The stations 
are grouped in zones of latitude, North and South, 6 o^ to 90°, 45° to 60°, 30° to 45° and 0° to 30°. 
Within the zones they are arranged in order of longitude. References to the original sources of the 
information are added. 

The prefix a means that the values are reduced to mean solar distance and vertical sun, b extrapolated to air-mass i, c reduced to 
dr-mass 1-3, d reduced to air-mass rs. e reduced to air-mass 2, f corrected to local noon, g reduced to mean solar distance, 
h maximum of mean values, k mean values extrapolated to air-mass i. 


Maximum 



J-«evel 

in 


Ref. 

value 

Station 

Lat. 

Long. 

gdm. 

Period 

No. 

60" to go® 

N 






90 

Treurenberg 

80® N 

17“ E 

9 

1899, ix; 

I 

84 

Abisko 

68° N 

19“ E 

382 

1900, iv-vii 
1913, vii-ix 

za 

92 

45“ to 60" 

N ” 

68® N 

19“ E 

382 

1914, vii-viii 

zb 

lOI 

Eskdalemuir 

SS“N 

3®W 

232 

1911-23 

3 

99 

Richmond 

(K.O.) 

Si“N 

0® 

10 

1911-23 

3,4 

100 

Paris (Parc 

St Maur) 

Mt Blanc 

49“ N 

2®E 

49 

1907-23 

5 

[141] 

46® N 

7®E 

4714 

1900, vii, ix 

6 

120 

II 

46® N 

7“E 

4714 

1904, viii, ix 

6 

h63 

Lausanne 

47“ N 

7®E 

SOS 

1896-1902 

7 

114 

Jungfraiyoch 

47“ N 

8®E 

3388 

1923, ix, 23 - 

8 

Z04 

Feldberg 

48“ N 

8®E 

1275 

X, 3 

192X-5 

9 

lOI 

St Blasien 

48“ N 

8®E 

774 

1919-24 

9 

95 

Karlsruhe 

49“ N 

8®E 

1 25 

1921-S 

9 

bh 107 

Frankfurt 

50® N 

9“E 

804 

1919-22 

xo 

116 

Free balloon: 

5i“N 

9“E 

7350 

1013, viii-x 
(3 days) 

XI 


Griesheim 
am Main 





a 122 

II 

5 i“N 

9“E ’ 

7350 

II 

X2 

103 

Agra (Swit- 

46“ N 

9“E 

539 

1922, X- 

13 


zerland) 



1923, ix 

92 

Hald 

56® N 

9“E 

76 

1902-3 

X 

?ii5 

Arosa 

47“ N 

10® E 

1824 

1921-5 

14 

HI 

Davos 

47“ N 

10® E 

1570 

From 1908 

15 

h loi 

AlgSu 

47“ N 

10® E 

1 128 

1922, V- 

x6 

95 

Innsbruck 

47“ N 

n®E 

568 

1924, V ^ 
1908, l-Vl 

X7 

1 15 

Branden- 

47“ N 

ii®E 

321X 

1928, vi 

x8 

h 112 

burger Haus 



Sonnblick 

47“ N 

13“ E 

3045 

1902, vi, 19- 

19 


Potsdam 




vii, 17 


lOI 

5*“N 

I3“E 

104 

1907-20 

20 

h97 

Wahnsdorf 

Si“N 

14® E 

255 

1917, viii- 
1918, viii 

1013, viii-xii 
8e 19x9 
1914, iv- 
1015, iv 

1918, xii- 

21 

87 

Lindenberg 

53“ N 

14“ E 

X04 

22 

98 

Kolberg 

54“ N 

16® E 

2 

23 

97 

Nyk6ping 

59“ N 

17“ E 

x8 

24 

96 

Upsala 

60® N 

18® E 

39 

19x9, V 
1909-13 

aa,2S 

87 

Zakopane 

49“ N 

20® E 

88 X 

X903,viii-ix 

7 

102 


49“ N 

20® E 

816 


26 

e84 

Ursyndw 

52® N 

21°E 

98 

^0 aays^ 
1909, vi-viii 

27 

102 

Warsaw 

52® N 

2I®E 

127 

1898-1925 

28 

91 

Worochta 

48® N 

25® E 

755 

1924, viii, Z9 

29 
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i-/evei 
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Ref. 

value 

Station 

Lat. Long. gdm. 

Period 

No. 

1 12 

Giewont 

Tatra 

1863 

1926, viii, 31 

26 

114 

iSwinica 

Tatra 

2261 

1926, ix, I 

26 

lOI 

Jablonica 

48® N 24® E 

823 

1924, viii, 22 

29 

96 

Polonina 

48® N 25® E 

1346 

1909, ix-xi 

29 

106 

Pozyzewska 


48® N 25® E 

1379 

1924, vii-viii 

29 

100 

Chomiak 

48® N 24“ E 

1515 

1924, viii, 21 

29 

104 

Pozyzewska 

48® N 25® E 

1787 

X924, viii, 17 

29 

HO 

Howerla 

48® N 25® E 

20X8 

1924, viii, 8 

29 

97 

Zaleszczyki 

49“ N 26® E 

186 

8 c 31 

1926, viii, 28- 

- 26 

105 

Nijni-Oltche- 

daeff 

49“ N 28® E 

193 

ix, X 5 
19x2-15 

30 

102 

Leningrad 

60® N 30® E 

5 

1895-1904 

I 

97 

Kief 

So®N 30® E 

179 

x888 

I 

103 

Pavlovsk 

60® N 30® E 

39 

1893-1906 

X 

100 

99 

60“ N 30® E 

39 

1906-26 

31 

f lOZ 

TWodosie 

45“ N 35“ E 



1926, i- 

32 


Moscow 


1928, viii 

103 

S6“N 38® E 

153 

1914-24 

33 

HO 

Katharinen- 

57“ N 6x"E 

284 

1896-8 

X 


burg 



30° to 45“ 

N 





b io8 

Medford 

42® N 123® W 

459 

1920, hi, 28- 

34 

b 105 

Red Bluff 

40“NI22®W 

108 

IV, 5 

1920, iii, 

34 

b 106 

Fresno 

37“Nx2o“W 

X08 

23~2'i 

1920, 111, 14 

34 

a 120 

Mt Whitney 

37“Nxi8®W 

4329 

1908, viii; 

12 





1909, ix; 
xg 10, viii 


a 114 

Mt Wilson 

34“Nxi8®W 1691 

1905-20 

12 

b HI 

Pomona 

34“Nii8®W 

260 

1920, ii, 26- 
28 

1920, iii, 2-4 

34 

b 109 

La Jolla 

33 “Nxi 7®W 

29 

34 

103 

Phoenix 

33®N 1X2® W 

329 

1910, X, 2-8 

35 

109 

Flagstaff 

35“Nixa®W 

206 X 

xgio, ix, 25- 

35 

b HI 

,1 

3S®N 1X2® W 

2061 

30 

*9 

35 

116 

Santa Fe 

36®Nio6®W 

2094 

To 1919 

35 

b 123 

II 

36®Nio6®W 

2094 

19x2-22 

36.37 

) 104 

Twin Mt. 

36®Nio6®W 2388 

19x2, X, 25 

38 

99 

Lake Peak 

36®Nio6®W 3643 

19x2, X, 29 

38 

102 

Cheyenne 

4X®Nios®W 2063 

19 TO, viii, 29 

- 35 





IX, 3 


b 121 

Lincoln 

41® N 97® W 

366 

1910-28 

37,39 

HO 

II 

41® N 97“ W 

366 

To 1919 

35 

a 128 

Free balloon: 41® N 96® W 2x500 1914, vii, xi 

12 


Omaha 







Maximum 
value 
b ii8 


ii8 


Station 

Madison 
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Level 

in 

Lat. Long. gdm. 
43“N 89“ W 291 


Period 

1910-28 


Ref. Maximum 
No. value 

36,37 k 97 


112 

» 

43° N 

89° W 

291 

To 1919 

35 

k93 

b 100 

Ellijay 

35°N 

83" W 

669 

1916, V, 8-13 

35 

k78 

no 

Hump Mt. 

36“N 

82“ w 

1470 

1917, vi- 

40 


102 

Toronto 

44° N 

79° W 

114 

1918, iii 
1910-24 

41 

I14 

b 107 

Mt Weather 

39° N 78“ W 

529 

1907-14 

1 16 

36,42 

los 

» 

39° N 

78“ W 

529 

1907-14 

35 

H9 

d 92 

Trapp 

39° N 

78“ w 

2 I 6 

1909, viii, 30- 38 

99 

b 118 

Washington 

39° N 

77° W 

124 

IX, 2 

1914-28 

37 

85 

105 

ti 

39° N 

77° W 

124 

To 1919 

35 

86 

97 

Atlantic 

Ocean 

38“N 

10“ W 

— 

1923, iii, 8 

43 

95 

102 

Madrid 

40“ N 

4°W 

642 

1910-20 

44 

95 

103 

Bassour 

36“ N 

3°E 

1137 

I9ii,viii-xi 

45 

87 

III 

Ouargla 

32“ N 

3“E 

ca. 0 

1926, i-iv 

46 

89 

0® to 30® S 

1 12 

Montpellier 

44° N 

4°E 

42 

1883-1900 

I 

h 89 

105 

,, 

44° N 

4°E 

42 

1924-7 

47 

gh86 

lOI 

Tougourt 

33°N 

6“E 

? 

1924, iii, 23- 

48 

X18 

1 12 

Ariana 

37° N 

8“E 

10 

iv, 15 

1924-7 

47 

c 113 

96 

Modena 

45° N 

ii“E 

SO 

1900-3 

1 

k III 

92 

Florence 

44° N 

ii“E 

72 

1915, vi- 

49 

k III 

95 

Naples 

41° N 

14° E 

146 

1917, xii 
1913, xii- 

SO 

k 113 

102 

Etna 

38“ N 

15°E 

2890 

i9iS,i 

1908, viii, 22- 

51 


88 

M 

38“ N 

15° E 

1846 

23 

1908, viii, 21- 

51 

k loi 

100 

79 

38“ N 

15° E 

1846 

1908, vm, i8- 

51 

k 102 

86 

99 

38“ N 

15° E 

739 

19 

51 

b 125 

g 112 

Mt Elbrus 

43° N 

42“ E 

313s 

1926, viii, 8- 

52 

112 

96 

Mediterranean — 

— 

— 

20 

1923, iii, 13 

43 

h 98 

f 103 

Tashkent 

41° N 

69“ E 

? 

«Yiii, 5,7,9 
1926,1- 

32 

112 

f 112 

Simla 

3I°N 

77° E 

2158 

1928, viii 
1906-16 

53 

114 

109 

Fujiyama 

3 S°Ni 39“E : 

3648 

1909, vii, 29 

54 

99 

90 

0“ to3o“N 

Numazu 

35° N 139® E 

10 

99 

54 

117 

1 16 

Tacubaya 

N. Atlantic : 

20“ N 

99° W 

2259 

1911-15 

47 

30“ to 60“ S 
103 1 




1923, iv, vn, 

55 

b zio ( 

k loi 

NE trades 

— 

— 



Vlll 




Station 

N. temp. 2one 

Calm zone — 

Off C. Verde — 
Is. 

Tenerife : 

Alta Vista 


Level 
in 

Lat. Long. gdm. 


Period 


Ref. 

No. 


28°N i7“W 3183 
38“ N 17° W 2317 
28“ N 17“ W 2055 
38“ N 16“ W 353 
39° N 33" E ~ 


Izana 
Canadas 
Guimar 
Suez Canal 
Red Sea — — 

Gulf of Aden — — 

Indian Ocean — — 

Bangkok i4“Nioi°E 
Gulf of Siam 3 “ N 101 “ E 


1896, vi, 21- 
vii,3 

I9i6,iv-xii 

1912, V- 
191S, vi 
1896, vii, 2- 
3 

1923, iii, 18 


7 

56 

57 
7 

43 


10 


1923, iii, 20; 43 

vii, 3 1 ; viii, 1 
1933. iii, 23; 43 

vii, 28 

1923, iii, 28; 43 

vii, 22 


14° S 172° W 2 

14° S 172“ W 2 

22“ S 69“ W 2202 
16“ S 72“ W 2397 

— — 2640 

— 3520 


Apia 

Calama 

Arequipa 

Argentina 

Andes 

Bolivian 
plateau 
S. Atlantic: 

S. temp, zone — — 

SE trades — — 

LaQuiaca 22“$ 66“ W 3390 
Johannesburg 26“ S 28“ E 1767 
Batavia 6“S 107“ E 8 

Pangerango 7“S 107® E 2956 
» 7°S 107“ E 2962 

Tjisoeroepan 7“$ 109® E 1174 
Smeroe 8“Sii3“E 3588 


1923, iv, 10 

1925-7 


Cape Horn 
Cordoba 


S6“S 70“ W 12 
31° S 64“ W 429 


1918, vi- 
1920, vii 
1912, viii- 
1915, iii 
1923, v-vii 


1923, iv, vii, 
viii 


1912, ix- 

i9X3jX 
1907, IV- 
1910, vi 

191511917- 
1923, VI, 15- 

c 

1015 & 1919 
(4 days) 
1018, Vll 
(7 days) 
1915, iv, 30; 
1918, viii, 25 


1882, ix- 1 
1883, ix 

1912, li- 60 

1914, vi 


43 

43 

S8 

58 
40 

59 
55 
55 
55 
55 


60 

61 

62 
43 
62 
62 
62 


Supplementary values 


60" to 90“ 

N 






97 

JungfruskSr 

60“ N 21® E ca. 10 

1922-6 

65 

0® to 30® 

S 

S 

98 

Wirrat 

62® N 24® E ca. 88 


65 

0 

30® to 60® 
90 

s 

s. 

97 

0“ to 30“ 

Antrea 

N 

61® N 29° E ca. IS 

,, 

65 



b83 

Caribbean Sea 16® N 85® W 

1925, vii, 30 

64 



b83 

N. Atlantic 

21° N S3“W — 

192s, viii, 16 

64 



b 92 

N. Atlantic 

27° N 44° W — 

192s, V, 30 

64 



86 

NE trades 

17-18® N 24-25® W 

1924, vi, 6 

63 




ix-23° S 36-41®W 1924, iv, 4, 7 63 
32-33° S 50-51“ W 1924, iv, 29 63 
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53 India Weather Review^ Calcutta, Annual Summary, 1906-16 

54 T. Okada and Y. Yosmda, ‘ Pyrheliometric observations on the summit and at the base of Mount Fuji ’ Bull Cent Meteor* 

Ofe., No. 3i Tokyo, 1910 * . . 

‘Results of measurements of solar radiation and atmospheric turbidity over the Atlantic Ocean and in ArffentiJCia* 
^ Prel^nary Report,’ Month. Weath. Rev. vol. sa, Washington, 1924, pp. 157-60 Argeiaw »» 

Observatorio Central Meteoroldgico, Madrid, Suplemento ail Tomo III, pp. 131-6 


cal 

an*mln 

1*3 

l-Z- ’ 


Kw 

(10 

-90 


— e , — uc la aLiiiuaicia icrjrcatrc ucsae la s 

— la Oficina Meteoroldgica Argentina^ No. 4, Buenos Aires, 1914 
J/^svaal, Meteorological Department, Annual Reports, 1907-10 
' « supplied by Dr J. Boerema 

1 w Arckiv der Deutschen Seezoarte^ Bd. 45, Heft 3 , Hamburg, 1928 

[■ W. Geor^, ‘M^sxmgen der Intensitat der Sonnenstrahlung u.s.w.,’ Meteor, Zeit. Bd. 43, 1026. o. 07 

> H. Lunelimd, Helsingfors, Comm. Phys.^Math., Soc. Sc. Fenn. IV, No. 5, 1927 

If we assume the solar constant to be 135 kilowatts per square dekametre we 
may conclude from the information displayed in the table that an intensity of 
iookw/(iom)2, three-quarters of the intensity at the exterior of the atmo- 
sphere, represents a high standard for “strong sunshine.” No station in the 
■whole world records as energy received 
at the surface radiation equal to the solar 
constant; lack of altitude, latitude and 
other local conditions of climate interfere 
to reduce by scattering or by absorption 
the amotmt of direct radiation received. 

It will be noticed that the figures 
arrange themselves primarily according 
to altitude and latitude. The influence 
of altitude may be regarded as repre- 
senting the freedom of the air from dust 
and water-vapour, and the influence of 
latitude may perhaps be traced to the 
inverse cause, but brought to account 
rather by length of path than by the 
amount of vapour in a vertical column; 

the faint nebulosity of the sky in high Seasonal variation in the nonnal 

latitudes may also have an effect The “^diationwith the sunat an 

seasonal variation nf c j- *5 three stations in Baden 

? mtensity of radia- at different elevations, viz. Karlsruhe 

non lor the same solar altitude at stations * ®l^sien 790 m, Feldberg 

at different heights in Baden with Pots cowespo^ing values at 

monthly figures for Davos is exhibited in 9. P-ii9.) 

b^SJ^uS'sfri The influence Of height is obvious 

but not quite simple; there are clearly some disturbing causes 

is 

winter for the same solar altituS months as compared with 

as at Potsdam; in June at St BIaqiV mmimum is in August 

has a TniniTTiiirn in Tjjn- L n- • t ^ Feldberg. Davos too 

July, the highest of the ym 'S ,^*”1 interpolated figure for 

20 and 30 kilowatte per sqLe S^Se°S fiftf ® 

i' 4 "e aexametre or fifty per cent, of the mean value. 




RADIATION FROM THE SUN 121 

It is presumably to be attributed to dust or water-vapour appropriate to the 
low altitude of 15°. 

Seasonal and diurnal variation of the intensity of sunbeams 

Further particulars about solar radiation at direct incidence are available; 
as a rule stations in Europe give the normal value of the intensity of direct 
radiation on a surface perpendicular to the sun’s rays at the hours of the day 
in each of the twelve months. These may be regarded as the fundamental 
data for this part of the subject. 

In the United States of America, where a good deal of attention has 
been directed to obtaining a correction of the crude observations in order to 
get a measure of the solar constant, the length of path of the sunbeam through 
the earth’s atmosphere is regarded as a more effectual datum than the time 
of day. The actual length of path of a beam is directly related to the sun’s 
altitude. Neglecting the curvature of the earth’s surface and regarding the 
atmosphere as made up of a succession of horizontal layers, the length of 
path through the atmosphere is the length along the vertical, multiplied by 
the secant of the angular distance of the sun from the zenith. In this way 
there is introduced the idea of “air-mass” traversed by the beam. For an 
inclined beam the air-mass is proportional to the length of path and is related 
to that for a vertical beam by what is known as the “secant law.” The 
expression in terms of air-mass can be rendered more precise by taking account 
of the earth’s curvature, refraction, etc., and hence we obtain the following : 

Relation of air-mass and solar altitude 

Besides values derived from the pure secant formula, the table contains those derived from 
various other more complex formulae, taking into account the curvature of the earth, refraction, 
etc. The most recent is that of Bemporad. 


Solar altitude 

90® 

0 

0 

50° 

30® 

20° 

Air-mass 

IS° 

10° 

5° 


Secant law 

I *00 

1*064 

1*305 

2*000 

2*924 

3-864 

5-76 

11*47 

28*7 

Forbes 

1*00 

1*065 

1*306 

1*995 

2*902 

3-809 

S-S7 

10*22 

18*9 

Bouguer 

Laplace 

1*00 

1*064 

1*305 

1*990 

2*000 

2*899 

3-805 

SS 6 

10*20 


1*00 

— 

1*993 

— 

S-S 6 

10*20 

Bemporad 

1*00 

— 

— 

1*995 

2*904 

■— 

5*6o 

10*39 

19*8 

(From Smithsonian Physical 

Tahlesy 7th revised edition, 1920, p. 419) 



As the “unit air-mass” is that of a vertical column at the station, and the 
sun is never vertically above a point north of the tropic of Cancer (23 N), 

or south of the tropic of Capricorn, the value of radiation for unit air-mass 
at a station outside the tropics requires extrapolation. 

Here the reader may require a table showing the range of variation of the 
values of the air-mass at midday in different latitudes. 

Maximum and minimum values at midday in various latitudes of the air-mass ^ 
according to the secant of the zenith distance 

Latitude ... 10° 20° 30° 40" So" 60“ 70° 80° 90" 

Air-mass: Min. i*ooo i-ooo i*ooo 1*007 1*043 i*ii8 ' 1*245 i*454 2*513 

Max. 1*090 1*199 1*377 i*679 2*237 3 ‘Sir 8*77 — 
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In order to illustrate the difference 
between the two modes of treatment of 
the data we have endeavoured to form 
a table of intensity of radiation at fixed 
hours from the information contained 
in one of the tables of solar radiation 
in relation to air-mass, namely that of 
Washington. 

With this object we have computed 
the time of day in the several months 
at which the sun’s altitude would corre- 
spond with an air-mass of 2, 3, 4, 5 
respectively and have prepared a table 
showing the figures of radiation for 
these air-masses at Washington arranged 
according to a time-scale similar to that 
of European stations. The result is 
given in fig. 52. It will be noticed that 
with the arrangement according to air- 
mass, for stations where there is no 
air-mass i , quite a number of hours in 
the middle of the day in the summer 
months have no information as to solar 
radiation, the first line of figures corre- 
sponds with air-mass 2, and all the 
information being concentrated within 
the time of air-mass 2 and air-mass 5, 
belongs to a very short period in the 
morning or the afternoon. We have 
made an attempt to supply the missing 
information by quoting from another 
source the noon values of radiation. 


3 4 

5 6 7 8 3 10 II 

12 13 
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JAN 

70 
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84 
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87 
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SI 
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Fig. 52. Solar intensity, air-mass and time 
of day. Washington. 


Intensity of solar radiation in kilowatts 
per square dekametre at different solar 
altitudes arranged according to air-mass 

Santa Fe. 36® N, 106“ W, 2145 m. 1912-1920 
air-mass 5 43312345 

Jan. — 89 96 105 — 102 93 84 80 
Feb. — 85 91 102 — 98 91 82 73 

Mar. — 84 92 loi — 97 87 77 72 

Apr. 63 75 82 93 107 86 75 7i 61 

May 70 74 82 90 106 86 93 — — 

June — 66 74 86 102 92 81 70 — 

July — 66 75 84 99 — — — — 

Aug. 64 68 77 86 100 89 82 76 — 

Sept. 67 74 81 91 107 97 86 79 7° 

Oct. 75 80 86 96 — 98 86 77 61 

Nov. 81 84 95 102 — 102 91 83 — 
Dec. 79 87 95 105 — 103 91 84 75 

Solar alt 11® 14 19 30 90 30 19 14 11 

Lincoln. 41“ N, 97“ W, 373 ni. 1915-1920 
air-mass 543212345 

Jan. 66 73 82 95 — 87 84 75 7o 

Feb. 72 76 86 99 — 94 83 72 62 

Mar. 64 64 76 91 — 89 76 66 56 

Apr. 54 58 70 86 104 81 68 58 49 

May — 57 67 79 96 75 62 52 49 

June — 53 64 75 95 77 63 54 — 

July — 56 63 76 93 75 62 52 — 

Aug. 49 56 62 74 93 77 63 54 49 

Sept. 53 59 69 83 97 80 68 59 52 

Oct. 63 68 78 90 — 87 75 66 59 

Nov. 68 75 85 95 — 97 84 74 66 

Dec. 63 73 85 97 — — 84 75 68 

Solar alt ii® 14 19 30 90 30 19 14 11 


Madison. 43® N, 89° W, 297 m. 1910-1920 


air-mass 

5 

4 

3 

2 

I 

2 

3 

4 

5 

Jan., 

66 

75 

87 

94 

— 

— 

86 

79 

— 

Feb. 

— 

— 

86 

96 

— 

98 

84 

— 

— 

Mar. 

— 

74 

84 

93 

— 

93 

82 

75 

— 

Apr. 

— 

— 

— 

86 

98 

87 

75 

61 

47 

May 

— 

— 

63 

77 

93 

72 

63 

— 

— 

June 

— 

61 

67 

79 

91 

74 

61 

— 

— 

July 

44 

53 

61 

70 

87 

68 

63 

— 

— 

Aug. 

49 

58 

64 

76 

91 

72 

60 

56 

43 

Sept. 

63 

63 

70 

82 

95 

81 

70 

59 

— 

Oct. 

49 

62 

73 

81 

— 

82 

70 

62 

— 

Nov. 

61 

70 

80 

91 

— 

94 

82 

— 

— 

Dec. 

65 

79 

85 

— 

— 

— 

— 

75 

— 

Solar alt 

11° 

14 

19 

30 

90 

30 

19 

14 

11 

Washington, 39® N, 77 


, 127 m. 

1905-1920 

air-mass 

5 

4 

3 

2 

I 

2 

3 

4 

5 

Jan. 

52 

61 

70 

85 

— 

86 

72 

61 

54 

Feb. 

54 

59 

70 

84 

— 

85 

70 

59 

53 

Mar. 

49 

56 

66 

82 

— 

79 

66 

56 

40 

Apr. 

47 

53 

61 

74 

96 

76 

64 

— 

— 

May 

43 

50 

56 

68 

90 

69 

55 

49 

— 

June 

— 

45 

53 

63 

89 

69 

— 

— 

— 

July 

41 

51 

59 

64 

86 

68 

54 

— 

— 

Aug. 

40 

41 

53 

62 

86 

67 

56 

41 

36 

Sept. 

45 

51 

62 

75 

92 

73 

60 

51 

47 

Oct. 

52 

56 

62 

76 

— 

75 

61 

53 

45 

Nov. 

53 

60 

70 

82 

— 

82 

68 

57 

51 

Dec. 

53 

62 

73 

85 

— 

— 

72 

61 

54 

Solar alt iz* 

* 14 

ig 

30 

90 

30 

19 

14 

11 


The figures have to be so compact that they are difl&cult Observations with a Marvin pyrheliometer. 

to read, the same figures appear in the adjacent table. The values for air-mass 1 are extrapolated. 
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Fig. 53. Davos. 47® N, 10® E, 1600 m. 1912-1918 

Jan. 90 97 96 95 89 74 

Feb. 89 98,i02-io2-.g9*,94 85 

Mar. 71 104 102 98*^9385 

Apr. 77 103 104 104 106 102 9790^1 

May 78 83 9^ 96 100 104*15? Tot 97 93 92 82 

June 79 87fe4 97 98 (00 101 100^ J95 95 85 73 

July 878891 93 94^9^ 97 9.6^97 878^8 

Aug. Vj 84 9V 97 100 100 its *99 97 938^77 
Sept. 75 80 9^ 99 102 loi 100 98 93*^5 

Oct. 80 90 99 £01 97-^94^86 

Nov. 89 93 9?" 92 86 78 

Dec. 78 87 94 91 85 70 

345678 9 10 II 12 13 14 15 161718192021 


Fig. 54. Taunus. 50® N, 9®E, 820 m. July 1919 to Mar. 1922 

Jan. j,t 81 89 93 92 86 79 55 

Feb. 70 81 85 81 70 

Mar. Rflq. 7^32^87’ 88 88 87 80^1 56 

Apr. Qr 50 70 So'ae 90 91 92 91 87 79.69 50 V 

May 2 36 65 7^83 88 91 0^.92 91 87 82 7 A 60 35 v: 

June f-f 47 65 75 82 87 89 /91 91*^89 86 80 72 62 45 19 

July u 44 63 73(81 86 89 ^99.9i'88 85 79 7i 60 42 

Aug. 56 75 04 89 93 93 95 93 88 7^67 52 

Sept. 41 75 8r92 95 100 95 89 99,77 62 36 

Oct. 6r 82 9256-98.98-93'5i 80 55 

Nov. 65 82 89 gi 91 89 84 64 

Dec. 77 86 89 88 84 74 -J-f 

3 4 5 6 7 8 9 10 XI 12 13 14 15 16 17 18 19 20 21 


Fig. 55- Potsdam. 52* N, 13® E, 106 m. 1907-1923 
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Fig. 36. Kolberg. 54® N, r6®E, 2 m. Ap. 1914 to Ap. 1915 

Ja*'- 31 47 56 59 57 49 35 * 

Feb. 315566758173675836 

Mar, 38 64 76j4.89r5r?i*87.^2 72 49 

Apr. 43 71 8^86 91 93 94 93 91 88V9 67 4© 

May 37 59 73 82 87 91 92 93 93 9i 88 8^ 73 59 37 

June p. 38 37 70(78 82 85 86 87 84 83 80 76 bg 58 38 

July 29 45 37^6 72 77 80 8a 8r 79 77 7* 63 51 31 

Aug. Uj 41 56 66^1 75 77 79 78 77 7^68'58 41 J.1 

Sept. 49 71 7^83^5 86 84 8^,7 J 70 52 j 

Oct. tf. 46 63 76 85'84'75’ 72 59 41 j 

I Nov. 43 58 64 67 62 53 39 if 

Dec. 42 51 53 52 41 18 

3 4 5 6 7 8 9 10 II 12 13 14 15 16 1718 192021 

Figs. 5 3-56. Diurnal and seasonal variation of the 
intensity of solar radiation in kw/(iom)®. The 
broken lines indicate the points on the diagram 
when the altitude of the sun is 30° and when 60®. 


The atmosphere is not gener- 
ally amenable to an algebraical 
formula and therefore we should 
ourselves prefer the measures of 
solar radiation arranged according 
to the hours of the day. How- 
ever in the absence of data on 
that basis we give on p. 122 tables 
in which air-mass is the basis 
of reference for Madison Wis.; 
Santa Fe, New Mexico; Lincoln 
Neb. ; and Washington D.C. ; and 
overleaf (p. 124) we give corre- 
sponding tables, in which the 
arrangement is primarily accord- 
ing to solar altitude, for Naples 
by A. Bemporad in which the 
data are grouped by quarters in- 
stead of months, and for Batavia, 
Java. Overleaf too we have given 
a table of solar radiation at Tene- 
rife (Las Canadas del Teide) for 
a year which includes the period 
in which there was obscurity due 
to Katmai. It shows a depre- 
ciation of the solar radiation in 
August which may have been 
due to that cause, though the 
midsummer months on this page 
are characterised by a fall in 
the value of the intensity of sun- 
shine. 

For illustration of the general 
result of observations through- 
out the year we give (figs. 53-56) 
numerical results which show the 
diurnal and seasonal variation at 
four typical stations in Europe, 
namely : Kolberg, sea-level, tem- 
perate zone; Potsdam, low eleva- 
tion, temperate zone; Taunus 
(Frankfurt a/Main), middle level, 
continental, temperate zone; 
Davos, continental, high level, 
temperate zone. 
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Taking the tables and diagrams together there are some points which the 
reader will have no difficulty in verifying. 

First, elevation is a great advantage for productive radiation ; the highest 
of the four European stations, Davos at 1600 m, is the only one at which the 
normal intensity of radia- 

Intensity of solar radiation in kilowatts per square 
dekametre at different solar altitudes 
Naples. 41“ N, i6“ E, 149 m; December 1913-January 1915 
Solar altitude 

m. 3® 5 10 20 30 60 60 30 20 10 5 3 p.m. 


tion reaches iookw/(iom)^, 

75 per cent, of the solar 
constant. Santa Fe, at the 
great height of 2145 m, 
which also surpasses 75 per 
cent., is the most intensely sui ^er 
radiated station of the four 


17 27 46 66 77 90 87 74 63 43 25 15 

13 22 41 61 72 85 88 74 63 40 20 II 

12 22 41 62 72 83 83 72 62 41 21 10 

22 34 53 72 82 92 96 79 67 47 29 20 


in the United States. 

The sun’s altitude, or its 
geometrical equivalent the 
length of path or air-mass, 
is not the only factor of 
consideration. With the 
same altitude larger mea- 
sures are got in the spring 
than in the autumn at 
Davos ; a midsummer fall- 
ing off of the maximum 
radiation for the day is 
manifested. Santa Fe has 
the same characteristic. 


Observations with an Angstrom pyrheliometer. The values 
for solar altitude 6o" in winter and autumn are extrapolated. 

Java: Batavia. 6® S, 107“ E, 8 m: 1915, 1917-19 


Solar altitude 
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25 

30 

35 
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Jan. 

— 

73 

79 

84 

88 

90 

92 

93 

93 

94 

95 

— 

— 

— 

— 

Feb. 

— 

— 

— 

82 

86 

87 

89 

89 

89 

90 

91 

91 

92 

92 

— 

Mar. 

68 

68 

72 

77 

81 

83 

86 

88 

92 

91 

93 

94 

96 

96 

95 

Apr. • 

60 

73 

79 

82 

84 

85 

88 

90 

91 

92 

93 

94 

93 

95 

— 

May 

— 

69 

68 

73 

77 

82 

85 

86 

87 

88 

88 

— 

— 

— 

— 

June 

58 

65 

69 

72 

77 

80 

82 

84 

85 

87 

— 

— 

— 

— 

— 

July 

53 

59 

65 

68 

72 

76 

79 

82 

83 

88 

— 

— 

— 

— 

— 

Aug. 

48 

53 

60 

65 

69 

74 

77 

79 

80 

82 

8r 

— 

— 

— 

— 

Sept. 

37 

46 

62 

66 

69 

72 

74 

77 

78 

79 

80 

81 

84 

77 

— 

Oct. 

50 

49 

55 

59 

62 

65 

67 

69 

70 

79 

80 

8x 

8x 

73 

70 

Nov. 

53 

68 

73 

75 

79 

81 

84 

88 

90 

91 

97 

97 

— 

— 

— 

Dec. 

— 

67 

74 

80 

85 

87 

90 

92 

95 

96 

97 

98 

— 

— 

— 


Observations with a silver-disk pyrheliometer from Washington and 
a pyrheliometer constructed on the Michelson principle calibrated by 
the Washington instrument. 


Corresponding results oc- 
cur at the Other stations 
with a smaller average nor- 
mal intensity of sunshine. 
Autumn is the favourable 
season for intensity of ra- 
diation at Naples, and in 
Java the intensity becomes 
quite marked in November 
after a decrease accumu- 
lated during the dry season, 
June, July, August and 
September. Robitzsch^ has 
pointed out that for the 


Diurnal and seasonal table of the intensity of solar 
radiation in kilowatts per square dekametre 
Las Cafladas del Teide. 28® N, 17® W, 2100 m 


h 

7 

8 

9 

10 

XX 

12 

13 

14 

15 

16 

17 

18 

1912 June 


— 

97 

105 

XO4 

XO5 

Z06 

X04 

XOX 

96 

73 

61 

July 

— 

96 

99 

104 

X07 

XO6 

105 

106 

102 

96 

85 

67 

Aug. 

63 

83 

92 

98 

98 

98 

97 

96 

90 

82 

67 

52 

Sqpt. 

— 

80 

92 

98 

99 

xoo 

98 

96 

92 

79 

66 

— 

Oct. 

— 

80 

95 

100 

X02 

X 02 

101 

97 

90 

76 

— 

— 

Nov. 

— 

— 

92 

99 

103 

XOX 

ZOI 

98 

88 

77 

— 

— 

Dec. 

— 

— 

93 

96 

X 02 

104 

103 

98 

88 

85 

— 

— 

1913 Jan. 

— 

— 

90 

95 

X 02 

X 02 

X02 

98 

90 

73 

— 

— 

Feb. 

— 

— 

95 

97 

XOX 

104 

103 

xoo 

95 

84 

— 

— 

Mar. 

— 

8x 

91 

lOI 

XO3 

XO4 

103 

99 

93 

82 

— 

— 

Apr. 

86 

95 

100 

105 

107 

108 

107 

105 

102 

94 

80 

— 

May 

87 

94 

ZOI 

Z04 

XO6 

105 

X04 

102 

98 

91 

79 

79 

June 

86 

93 

99 

102 

104 

XO4 

103 

102 

98 

91 

79 

58 


Values in italics are based on less than 10 observations 


same altitude of the sun the results at Lindenberg show higher values of 
intensity in the afternoon than in the morning in winter (January), while in 
the summer the highest intensities are in the morning. 


1 ‘Einige Ergebnisse von Strahlungsregistriemngen, die im Jahre 1919 in Lindenberg 
gewonnen wurden,* Bdtrdge zur Physik derfreien Atmosphdre, Bd. ix, 1920, p. 91 . 
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The differences are explained by the absorption of solar radiation by certain 
comWu^ts of the atmosphere of which water-vapour and dust-haze are the 
‘ll'^stratethe relation bya diagtam(fig. 57fl)taken from Pavlovsk 
which shows the variation of vapour-pressure during the year 1917, the rain- 

> V the coeflicient of transmission 

PrSTsSIency^ PAVLOVSK, 1 9 17 ^ . of solar radiation. A corresponding 

result may be found in the results 
obtained at the Solar Observatory of 
the Smithsonian Institution where, 
with good reason, it is regarded as 
possible to employ an observation of 
the solar radiation to give a measure 
of the humidity of the local atmo- 
sphere. But the relation is not general, 
as the diagram (fig. 576) of observa- 
tions at Java of radiation, rainfall and 
vapour-pressure shows. 

J. Boerema writes of Java: “As in 
the wet season the solar radiation at 
Batavia is stronger than during the 
24 -400 dry monsoon it is evident that the 
ejffect of the haze is much stronger 
than that of the vapour-pressure. 
20 -240 The rains wash the haze and dust- 
particles out of the atmosphere.^’ 
The idea that rain washes the solid 
particles out of the atmosphere is 
reinforced m a paper on ‘ Blue sky 
measurements at Washington’ by 
Irving F. Hand, to which reference 
has been made already. From which 
it appears that immediately follow- 
ing rain the visibility was highest, 
so also very notably was the force of 
the wind, the skylight polarisation 
and the solar radiation, whereas the 
vapour-pressure was least as well as 
the number of dust-particles. 

It does not follow necessanly from these conclusions that rain washes 
out dust-particles. To make that inference clear one would have to follow 
the dusty air. In the actual observations the air which is observed to be 
clear is not the same air as that which was observed to be hazy. Quite 
frequently rain occurs when a supply of a different kind of air is arriving. 
Nevertheless it is safe to conclude that air which is left in conditions 
which are not rainy does accumulate a considerable load of dust. 
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Fig. 57 The reciprocal relation of trans- 
parency of the atmosphere at Pavlovsk 
and Batavia, Java, with vapour-pressure q 
and rainfall •; monthly values for 1917 
are represented. 

TratiBparency at Pavlovsk, or intensity of radiation for 
solar altitude fto® at llatavia, are shown by the lower 
limit of the black columns read on a scale on the left 
Vapour-pressure q, by the black full line (continued 
in white over the black ground) according to a scale 
of nulhmetres on the right 

Rainfall • by the interrupted line according to another 
scale of millimetres on the right; that in (b) is for West- 
ern Java 
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Accidental influences — the dust of volcanoes 
Parts of items C and D 

For solar radiation as for other elements normal values have not always 
a definite meaning; the transparency of the atmosphere is subject to con- 
siderable fluctuations which can only be called accidental. An example of 
the “accidental” variation in the annual mean for Pavlovsk^ is shown in 
fig* 58, which indicates the peculiar opacity of the sky in 1912. 

The remarkable effect was noticed in many parts of the world as bringing 
a feebleness of sunshine, a paleness of the blue of the sky and a decrease of 
the intensity of radiation which came on suddenly about the middle of the 
year and was attributed to the loading of the atmosphere with dust by the 


THE INFLUENCE OF DUST ON INTENSITY OF SOLAR RADIATION 



^ 1921 

• 6 - 


GOB 7 8. 9 10 II 12 13 14 15 16 17 18 13 20 21 22 

30 60 SO lio ISO IBO 210 240 270 300 330 360 

Fig. 58, Diagrams for Pavlovsk showing the effect attributed to the eruption of Katmai, 
Alaska, which occurred on the 158th day of 191Z (6 June). On the left the mean value 
of the energy which would be registered for zenith sun, in decimal fractions of the 
incident solar energy. On the right the observations in 1912 from which the mean is 
obtained, and beneath them the observations of the very sunny year 1921 . The dotted 
line which is repeated in the diagrams of daily values represents the normal for the 
years 1912-22. 

eruption of Katmai, a volcano in Alaska. It was apparently so clearly traceable 
to that cause that we may use this opportunity of illustrating the disturbing 
influence of volcanoes. 

Many references to the subject are to be found in meteorological literature. 
It is treated in a very engaging manner by W. J. Humphreys in his volume on 
the Physics of the Air. The Smithsonian Institution has devoted a volume of its 
publications to a report on the subject by Abbot and Fowle^. 

In order to show the contrast between two typical years we have amplified 
fig. 58 by a diagram representing daily observations at Pavlovsk in 1912 the year 
of the Katmai eruption, and in 1921 the year of brilliant summer in England. 

^ N. N. Kalitine, Recueil de Giophysique puhlii par VOhservatoire Giophysique Central^ 
tome IV, fasc. 3, Leningrad, 1925. 

® ‘Volcanoes and Climate,* Smithsonian Misc. Coll. vol. lx, No. 29, 1913, reprinted in 
Annals of the Astrophysical Observatory^ vol. in, 1913. 
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The subject is more fully illus- 
trated by a diagram (fig. 59) based 
on material compiled by KimbalF 
which, with a few exceptions, shows 
the monthly values of solar radiation 
for a period of 41 years, and in- 
cidentally illustrates the relation of 
solar radiation to volcanic eruptions 
on previous occasions. The occasions 
of eruptions are indicated in a 
diagram introduced on p. 278 of 
vol. I to illustrate curve-parallels. 
The years of the more important 
volcanic eruptions since 1800 are 
given in a table on p. 25 of vol. ii. 
Those which correspond with the 
three marked periods of atmospheric 
screening in Kimbairs diagram are 
Krakatoa in August 1883, Pel^e, 
Santa Maria and Colima in 1902 and 
Katmai in June 1912. 

In this connexion we recall some 
notes made by Kimball^ in discuss- 
ing similar data, for Mount Weather : 

There are not many hours at any 
season in the year, and specially during 
the summer, when the sky at Mount 
Weather is free from clouds. It can 
therefore only be claimed that the 
[available] data indicate that with a 
cloudless sky the total radiation received 
on a horizontal surface during Septem- 
ber and October 1912 averaged about 
5 per cent, less than during the same 
months in 1913, and during November 
and December 1912, about 3 per cent, 
less than during the corresponding 
period in 1913.. . . 

A similar comparison of the intensities 
of direct solar radiation gives deficiencies 
for 1912 twice as great, or 10 per cent, 
in September and October, and 6 per 
cent, in November and December. 

^ ‘ Variation in solar radiation intensities 
measured at the surface of the earth,’ 
Monthly Weath, Rev. Washington, vol. Lil, 
1924, p. 527- 

* Bulletin of the Mount Weather Oh- 
servatory, vol. vi, 1914, p. 207. 
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Attention is called to these remarks because the additional short-wave 
radiation that reaches a horizontal surface 'in consequence of the scattering 
by the dust-particles seems to go some way towards compensating the surface 
for the loss of direct radiation on accoimt of obstruction by the dust. 

Compensation of that kind is noticed by A. Angstrbm in his work on air- 
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Fig. 6o. (i) D^y values of energy received as short-wave radiation on a horizontal 
no?Sy dSSed.®"®‘"^°“ eruption of Kataiai is 

observations of the intensiw of direct solar radiation at Kew Ob- 

servatory, Richmond, m the same year, m which the effect of the eruption on the i? 8th 

partly by ^e absent of obsewations (which were only taken on days 
recogmsed as being notably suimy) and by the low values obtained when observations 
were taken between the i8ist and the Z 4 Sth day. ODservations 


radiation in connexion with the observations at Bassour which were made 
dunng the year of a dusty atmosphere. A similar conclusion may be 
drawn from plots of the curves of 14-day-values of radiation from sun and 
sky at Mount Weather in the ye^ 1912 and 1913 which show no conspicuous 
ditfere^e, and from corresponding monthly values for the same years from 

South Kensmgton which make the year 1912 to provide the more abundant 
supply of energy. 
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The fortnightly and still more obviously the monthly values which are here 
refeired to are obtamed from very irregular material. In illustration of this 
fact in coimexion with the compensation by diffuse radiation for the loss of 
direct radiation, we give a diagram of the daily totals of radiation at South 
Kensington in 1912, and of the occasional observations of the intensity of 
solar radiation at Richmond (Kew Observatory) in the same year (fig. 60). 

The reader will probably agree that the ranges in this diagram over which 
means would have to be taken are so wide that the significance of a mean value 
becomes very dubious, and he will accept the conclusion that the influence of 
radiation as the fundamental agency in the working of the atmospheric engine 
is a complex matter many details of which are not disclosed in any general 
balance-sheet. 

It may be thought that in this section an unnecessary amount of attention 
has been devoted to the single incident of the eruption in Katmai, which counts, 
after all, as a comparatively small item among the forces which affect weather ; 
but it is upon ihe consideration of special occurrences of that kind that the 
selection of a line of approach to the solution of the general meteorological 
problem must depend. In that case a direct relation could be traced between 
the solar radiation and weather in many parts of the world which would have 
been unnoticed in the general scheme of mean values of or dinar y meteoro- 
logical data. 

Total radiation upon a horizontal surface 
Item B of the balance-sheet 

We have allowed the question of compensation by scattering for loss by 
the obstruction due to dust to forestall to a certain extent the more general 
question of the total receipt of radiation on a horizontal surface. 

It is not merely by the direct sunbeam that the earth is affected. The radia- 
tion scattered by the air or by the clouds of water or dust that float in it, or 
by mountains near the instrument which may be snow-covered, is also effective 
in communicating the heat from the sun, as furnace, to the earth as the boiler 
of the atmosphere. The energy which comes in this way as radiation from the 
sky is usually referred to as sky-radiation and is thereby distinguished from 
the spontaneous radiation from the air-molecules. 

From a combination of the readings of the pyrheliometer and the pyrano- 
meter, figures for the ratio of sky-radiation to that of a sunbeam can be derived. 

The total radiation from the sun and sky together is shown upon the 
Callendar sunshine recorder (see vol. i, p. 238). Corresponding results can 
be obtained by Angstrom’s pyranometer^. In the design of the latter, oppor- 
tunity has been taken to obviate some of the difficulties in the workin'g of the 
Callendar instrument, notably the liability to deterioration of the absorptive 
power of the lamp-black-covering of the one half of the exposed surface. In 
both instruments a glass cover protects the sensitive parts of the receiving 

^ MmtUy Weafi. Rev. Washington, 1919, p. 795, also Meddel.fran Stat. Meteor. -Hydrog. 
nst. Band 4, No. 3, Stockholm, 1928. Abbot and Aldrich have also a pyranometer, see 
vol. I, chap. XII. * 
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apparatus ; and therein is a source of difficulty. It is allowed to absorb any 
long-wave radiation that falls upon it and is expected to transmit the short 
waves ; but the cover is liable to become dirty and in any case some of the 
radiation is reflected or absorbed by the glass. The Callendar instrument relies 
for the accuracy of its measurements upon expert calibration with an Angstrom 
pyrheliometer as standard. 

A comparison between this instrument [the Angstrom pyranometer] and the pyrano- 
meter of Abbot and Aldrich showed that the difference between the readings of the 
two instruments is less than 2 per cent. Individual readings differ, however, by as 
much as 6 per cent, due, according to my opinion, to the fact that the pyranometer 
readings are influenced by the heating of the glass screen. 

A comparison with the Callendar recording instrument. . . showed also a satisfactory 
agreement in the averages. The Callendar readings were, however, under conditions 
of very calm weather, undoubtedly influenced by the heating of the glass, the conr 
vection of the heat from the glass through the air being then small. The effect is 
generally not a large one, but may under special conditions amount to as much as 
10 per cent. 

(A. Angstrom, Monthly Weath. Rev, vol. XLVii, Washington, ipiQj P- 797* 
For a discussion of * Some characteristics of the Callendar pyrheliometer ’ 
see E. R. Miller, ibid. vol. XLViii, 1920, p. 344.) 

The effective record of a pyranometer of any pattern that will give accurate 
results and a comparison with a record of direct radiation are fundamental 
considerations in regard to the heat received at the earth’s surface or, in other 
words, of the action of the furnace on the boiler. We have already displayed the 
results of observations of direct radiation in different parts of the world and 
we may now consider the results obtained from records with the pyranometer. 

From the combination we can get the amount which might be received upon 
a horizontal surface from the sun and sky together, as well as the amount 
derived from the sun alone. From the differences between these two we can 
obtain as a separate item the amount received in the form of short-wave 
radiation from the sky. 

For Stockholm Angstrom has put together the double information. The 
result is represented in fig. 61, following a plan which is also applicable when 
the direct radiation is unknown - 

The scheme of representation is first to show the primary supply of solar 
radiation in the course of the year outside the atmosphere by a line which 
bounds a black area on the diagram. The scale of daily supply of energy in 
kilowatt-hours per square dekametre is marked at the side. The area between 
the black and the base line represents the total energy available in a year and 
is given in figures near the right hand of the base-line. Below the black area 
is another line which marks the total amount of energy received from sun and 
sky as recorded on a pyranometer or Callendar recorder. This is the item which 
is noted as B in the balance-sheet. The daily amounts are shown as averages 
for months. The white area between the shading and the base-line represents 
the total amount of energy received at the station in the course of a year. The 
figure is given at the left-hand end of the base-line. 
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The area between the receipt-line and the black, which is shaded grey, re- 
presents the part of the original energy which is lost by reflexion into space 
as part of the earth’s albedo, the item D of the balance-sheet, together with 
item C the part which is absorbed by the atmospheric constituents, carbon 
dioxide, water-vapour and dust. 

The information derived from the pyrheliometer is set out by lines within 
the area of total receipt. They separate the direct solar radiation from the 
total and so isolate, as the upper part of the white area, the amount received 
from the sky. It will be seen that in the winter months , when the sun’s altitude 



Fig. 61. Curve of daily totals of solar radiation on a horizontal surface outside the 
atmosphere in the latitude of Stockholm, with monthly totals of sun and sky-radiation 
and of sun-radiation alone, as measured on AngstrSm’s pyranometer. The portion due 
to sky-radiation alone is represented by the intermediate part of the diagram. 

at noon is very small, the greater part of the radiation which is received upon 
a horizontal surface comes from the sky. The figures^ upon which the 
column-graph is based are as follows: 

Ratio of sky-radiation to the total (sun and sky) radiation expressed as percentage 
Stockholm, July 1922 to June 1923 
Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

79 74 42 35 33 35 26 36 45 54 77 97 

In a more recent publication^ Angstrom gives the following figures as 
representing the average monthly values for the period 1905 to 1926: 

63 56 43 27 23 24 19 26 34 52 77 87 

^ Q.J. Roy, Meteor, Soc, vol. l, 1924, p. 123. 

^ Meddel.fran Stat, Meteor, -Hydrog. Amt, Band 4, No. 3, Stockholm, 1928, p. 21. 
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There is a large amount of information 
of one sort or another about sky-radiation, 
but it is not generally presented in a form 
in which it can be directly compared with 
the total radiation from sun and sky. We 
shall endeavour to give some account of 
it in order that the reader may not find 
himself hampered for lack of it in the 
further prosecution of the study of radia- 
tion as an agent in developing the se- 
quence of weather ; but let us first 
dispose of the " information about the 
total radiation upon a horizontal 
surface. 

Following the same general scheme as 
that adopted in fig. 61 for Stockholm we 
give diagrams for 10 stations in various 
parts of the world, figs. 62 and 63, which 
show by the black curtain the amount of 
solar radiation outside the atmosphere, and 
by the unshaded portion the amount re- 
ceived on a horizontal surface; the shaded 
portion between the two represents the 
part which is lost by reflexion or absorp- 
tion in the atmosphere, the items 
C and D. 

The geographical coordinates of the 
station, its name and the duration of the 
observations represented are marked on 
the black curtain. 

It will be seen that the available fraction 
A of the total possible energy is different 
for the different stations. The order in 
percentage is: Lincoln 57, Havana 55, 
Johannesburg 54, Louren90 Marques 52, 
Washington 50, Toronto 39, New York 
and Rothamsted 35, South Kensington 33 
and Chicago 32. 

The information is derived from the 
report of the meeting at Madrid, supple- 
mented by figures given by Kimball in the 
Monthly Weather Revieto for April 1927. 
It should be remarked that the totals 
which we obtain from the diagrams do 
not in all cases agree with totals quoted 


FIG. 62. TOTAL RADIATION OF 
SUN AND SKY 
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The symbol attached to the figure for 
the total energy received indicates the 
instrument which has been in use, 
* means Callendar,*’ t ‘‘Weather 
Bureau thermoelectric.” 
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FIG. 63. TOTAL RADIATION OF 
SUN AND SKY 
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The annual aggregate in kw-hr/(iom)® 
of radiation received is given on the 
left-hand side, and of that incident 
upon the atmosphere on the right. 


by Kimball. In forming the percentages 
we have adopted Kimbairs figures as 
being probably nearer the original values. 
The cases where the difference is appre- 
ciable are Chicago which we should reckon 
as 37, and New York 40. 

INDIRECT SHORT WAVES 

We have pointed out that a pyrano- 
meter records the gross total of the item 
B for any station. It includes the direct 
radiation which was represented for a 
number of stations in the tables of pp . 1 22-4 
and the sky-radiation. Both these contri- 
butions to the energy of the atmospheric 
circulation are absorbed or at least ab- 
sorbable by the ground. Whether in the 
future, when we come to consider the 
effect of radiation upon weather, it will be 
necessary to treat them as distinct or as 
combined we are at present unable to say. 
But little attention has been paid to that 
aspect of the general question of radiation 
while a great deal has been paid to the 
variation in the amount of radiation re- 
corded, and results have been obtained 
which in themselves are at least in- 
teresting. 

With regard to this kind of information 
H. H. Kimball remarks; 

A comparison of the two curves for Sloutzk 
[viz. that for direct solar radiation and that for 
direct solar and diffuse sky-radiation] and also 
that for Arosa with the curve for near-by 
Davos, indicates the very considerable part of 
the total solar thermal energy that is received 
diffusely from the sky, amounting in many 
months to 50 per cent. On the other hand, the 
curve for Lindenberg shows nearly as much 
energy received from the sun on a surface 
normal to its rays as the total energy received 
on a horizontal surface from the sun and sky 
at Davos, which is at a lower latitude and 
higher altitude. 

{Monthly Weather Review, vol. LV, 

Washington, 1927, p. 156.) 
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It would appear therefore that so far as a horizontal surface is concerned 
the supplementary radiation from the sky in the course of a day is more than 
counterbalanced by the loss through 

SLOUTZK, 60° N, 30° E, 1 6 m, I913--I9 

3 4_S_B_ 7 6 9_I0 II 12 13 14 15 16 17 I 8 IS 20 Zl 


the cosine-effect of the solar altitude 
as compared with radiation at normal 
incidence. 

The reduction of the influence of 
direct solar radiation upon a hori- 
zontal surface in northern latitudes 
may be illustrated by the results which 
are given for Sloutzk (Pavlovsk) . They 
are summarised in fig. 64 which shows 
the line of sunrise and sunset as the 
boundary of the black, a curve for 
the hours of intensity 20 kw/(io m)^ 
in different months, another curve of 
hours of solar altitude 30° and within 
both curves the maximum values of 
solar radiation about midday in the 
summer months. The smallness of 
the amounts is due partly to the obliquity of the surface in relation to the 
sun’s rays at 60° and partly to local atmospheric absorption. 
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Fig. 64. Diurnal and seasonal variation 
of the solar radiation received on a hori- 
zontal surface inkilowatt-hours per square 
dekametre. Crova-Savinoff instrument. 

The broken line shows when the sun’s 
altitude is 30®. 

Some of the highest hourly values are 
shown by figures. 


Cloudless days 


Figures for the sky-radiation from a cloudless sky as a percentage of the 
total radiation received on a horizontal surface are given in the following 
table^: 

(Sky-radiation as percentage of total radiation) 


Solar altitude 82*5° 65® 60® 41-7® 2?® 
Station (height) 


Washington (137 m) 


Winter — 





12 

Spring — 

10 

— 

13 

Summer — 

19 

— 

21 

Year — 

16 

— 

17 

Lincoln (381 m) — 

IS 

— 

16 

Madison (308 m) — 

16 

— 

16 

Hump Mt (1500 m) — 

— 

— 

8 

Mt Wilson (1737 m) 14 

14 

14 

16 


1913 


0 

0 

23-5® 

19 - 3 ° 

i6-4° 

14 * 3 ° 

12*6® 11*3® 

s' 

16 

20 

23 

25 

29 

32 

37 

. 

17 

20 

24 

28 

32 

35 

40 

— 

24 

27 

31 

34 

37 

3 ? 

40 

— 

20 

23 

25 

29 

33 

36 

38 

— 

19 

21 

24 

27 

30 

33 

36 

— 

24 

25 

26 

34 

36 


— 

— 

10 

12 

13 

15 

x6 

18 

19 

— 

20 

24 

27 

— 

32 

— 

38 

55 


A compamon of observations at 4430 m (Mt WHtney) and at sea-level (Flint Is 1 for 
S sky-radiation as 8 per cent, of the total at the ttgh-level and 


In order to keep in touch with actual magnitudes we give the figures for 
Mount Wilson m g cal/(i cm® min) and kw/(io m)®. The observations were 
‘ H. H. KimbaU, Monthly Weather Review, vol. lv, Washington, rgay, p. 156. 
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made in 1913 when the 
of Katmai ; 


atmosphere may still have been hazy after the eruption 
Solar altitude 



82*5° 

6 s* 

47-5“ 35^ 

g cal/(cm® min) 

25° 

15° 

5° 

Sun 

1*507 

I-3S5 

1*041 

780 

‘524 

•233 

•046 

Sky 

•240 

■220 

•205 

•189 

•162 

•no 

•056 

Total 

1*747 

1-581 

1*246 *969 

kw/(io m)^ 

•686 

*343 

•102 

Sun 

105*0 


72*6 

S4-4 

36-5 

i6*2 

3*2 

Sky 

167 

14-3 

13*2 

II-3 

7*7 

3*9 

Total 

121*7 

110*2 

86-9 

67-6 

47-8 

23*9 

7*1 


Even with a cloudless sky the ratio of sky-radiation to total radiation varies 
considerably on different occasions. At Hump Mountain (lat. 36° 8' N, 
long. 82° o' W, 1500 m) the range of values of the intensity of sky light on 
a horizontal surface at a time when the sun’s altitude was 30® ran from *060 
to -130 g cal/(cm^ min), with a mean of 0-0796. 

For Calama (800 metres higher but in a rainless district) the intensity on 
cloudless days is nearly the same as at Hump Mountain, from -060 to -113 
gcal/(cm2 min), with a mean of -0757. 

For solar altitude 19® (air-mass 3) the values of total sky brightness on a 
horizontal surface at Calama vary from -053 to -108 gcal/(cm^ min), with a 
mean of *0642. (Summarised from Annals of the Astrophysical Observatory^ 
vol. IV, 1922, pp. 261-2 and p. 274.) 

The variations in the sky-radiation for different solar, altitudes, expressed as 
a percentage of the total radiation, on smoky days and on an unusually clear 
day are given by KimbalP in the following figures for Mount Weather arranged 
according to air-mass from the minimum to 1-5 and by steps of -5 to 4-5 : 


1914 

0 

do 

0 

41*7° 

30*o‘ 

Solar altitude 

’ 23*5° 19*3° 

i6*4° 

14-3° 

12 -6° 

Sunrise 

to 

Smoky days 
May 20 

23 

31 

Sky-radiation as percentage of total 

38 48 SI S3 64 

67 

noon 

32 

May 26 

26 

35 

42 

48 55 

63 

70 

71 

36 

Unusually clear 
June 30 

9-8 

10 

13 

16 20 

23 

27 

29 

12 


The effect of cloudiness on total radiation 

Whatever the ultimate requirements may be it is only natural for those who 
are busy with solar radiation to draw a distinction between clear days and 
cloudy days, and to consider that meteorologically the effect of the two must 
be different. In the results obtained from the records of Callendar instru- 
ments or other pyranometers and represented in figs. 61-63 all days have 
been included. The irregularity of the sequence of daily values on the Callendar 
record as shown in fig. 60 suggests doubt as to the propriety of covering such 
differences by a single mean value, and to some extent that point has been 
met for certain stations at which the values for cloudless days have been 
^ Monthly Weather RevieWy vol. XLii, Washington, 1914, p. 310. 
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obtained separately for comparison with the values for all days. We have 
figures of this type for Davos on the eastern side of the Atlantic and for 
Madison in Wisconsin on the western side (figs. 65-68). 

It will be seen that the cloudless days provide much greater radiation and 
much more “ gradient of radiation in the part of the diagram which represents 
the higher solar altitudes. The difference is less marked in the early morning 
or late afternoon. This leads us to recall KimbalPs remark that a cloudless day 
does not provide an effective classification. A gradual change in the amount of 


MADISON, 43° N, 89° w, 308 m 
All days. Apr. 1911 to Mar. 1920 
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DAVOS, 47° N, 10° E, 1600 m 
Nov. 1920 to Oct. 1921 
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Cloudless days. 
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Figs. 65-68. Diurnal and seasonal variation of the total radiation received on a 
horizontal surface in kilowatt-hours per square dekametre. The upper pair of diagrams 
represent observations on all days, the lower pair those on cloudless days only. 
The broken lines show the points when the sun’s altitude is 30° and when 60®. Some 
of the highest mean hourly values are shown by figures. 


radiation received on a horizontal surface as the solar altitude changes even 
on a cloudless day is not of course a matter for surprise: on account of the 
increased “ air-mass’* the same thing happens also as we have already seen 
when the direct insolation alone is measured. We must be prepared to 
acknowledge that owing to the nebulosity of dust and other material particles 
there are great differences in the transparency of the atmosphere between 
different days which are classed as cloudless on account of the absence of 
“cloud.” 

In England certainly, and possibly elsewhere, the cloudless yet nebulous 
condition of the atmosphere due to dust or some nucleation that could not be 
called cloud is well known ; in days gone by it was sometimes called a “blight.’* 
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It might quite well be regarded as the precursor of a thunderstorm; we are 
not aware of any study of the relation of summer thunderstorms to the previous 
state of the atmosphere in respect of radiation, though the information cannot 
be far to seek, 

Kimball has treated the effect of cloudiness upon the measures of total 
radiation in a general manner by confronting the records of the Callendar 
instrument at Washington with the recorded observations of cloud-amount 
and of the percentage of possible sunshine. 
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Fig. 69. The diagram shows the total 
radiation at Washington as a percen- 
tage of that which would be received 
if the sky were clear. The black 
columns indicate the amount of radia- 
tion blocked out by corresponding 
cloud-amounts i, 2, 3,. . . 10, and the 
columns with vertical hatching the 
radiation blocked out on the days 
with percentage of possible sunshine 
94-5, 84*5,. ..14*5, 5-0 and o-o. In 
both cases the left-hand column refers 
to the winter months, October to 
March, and the right-hand to the sum- 
mer months, April to September. 


From the Callendar records the average daily amount of radiation for each decade 
(except that for June and December the averages are for the entire month) has been 
determined for days on which the cloudiness was recorded as o, 1,2, 3, etc., to 10 
respectively, and also on days for which the percentage of possible sunshine as re- 
corded by the Marvin sunshine recorder was 100, 99 to 90, 89 to 80, etc. to 9 to i and o, 
respectively. From these decade and monthly averages the seasonal and annual 
averages which are expressed as a ** percentage of clear-sky radiation*’ have been de- 
rived. The seasonal differences are not important. ... From this latter [the annual 
averages] it is seen that with the daily cloudiness recorded 10 the radiation averages 
about 29 per cent, of clear-sky radiation. This is a little greater than for zero per- 
centage of possible sunshine, namely, 22 per cent., for the reason that the sun may some- 
times shine with the sky more than 95 percent, covered with clouds. Also, 50 per cent, 
clear-sky radiation intensity corresponds to an average cloudiness of 9, and to a per- 
centage of possible sunshine of 20; and 50 per cent, possible sunshine corresponds to 
71 per cent., and 5 cloudiness to 82 per cent, of clear-sky radiation intensity. In 
general, the percentage of possible hours of sunshine is greater than the cloudiness 
would lead us to expect, the maximum difference occurring when the sky is rather 
more than half covered with clouds. 

fH.H. Kimball, Monthly Weath, Rev. yoI xlvii, Washington, 1919 , P- 7S0.) 

The quotation refers to mean values for three stations. 

From Kimbairs figures we have made a diagram which is reproduced in 
fig. 69 and shows the observed radiation on the selected days as percentage of 
clear-sky radiation, Kimball divides his observations into summer months, 
April to September, and winter months, October to March, and the distinction 
has been preserved in the diagram- 
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Clotids as shy-radiators 


If we pass from these general results to a more detailed consideration of the 
effect of clouds on the radiation received at the ground we may note first that 
Abbot! has placed on record the figures which correspond with the natural 
impression that even in clear sky the radiation from the immediate neighbour- 
hood of the sun is greater than that from the more distant zones. 

In a paper in the Monthly Weather Review for August 1914 Kimball gives 
an interesting diagram which shows the effect of interposing a screen between 
the receiver and the sun, with a curve which illustrates what we may call the 
“sunshade effect” at Mount Weather. An illustration (fig. 70) of a Callendar 
record on a day of passing clouds shows how sensitive the recorder is to the 
effect of cloud, which is not very different from sunshading. 
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Fig. 70. Record of the total radiation received on the horizontal surface of a Callendar 
pyranometer at South Kensington on a day with passing clouds, 23 June 1926. 

from a similar instniment at Madison, Wis., on a perfectly clear dav 
3 February 1913, and on a day with a bright sheet of dto-sWatus. 5 plbma^ 1912 

KimbaU has a note to the effect that the total radiation as recorded upon a 
P3T:anometer (or Callendar recorder) may actually be increased temporarily by 
e presence of clouds near the sun, a fact which is illustrated (inset to fig. 70) 
bythere^kablepeakat ioh 40 in the record for Madison of 5 Februaiy 1912. 
doud ^ approach of a glaringly bright sheet of alto^trLs 

doud^ess may c£^h bm Madison, Wis., the 

surface of tTear^^e concStiL nf 7"“ the 

to reflection from their surfaces. * clouds is principally due 


! Annals of the Astrophysical Observatory, vol. iv, 1922, p. *63. 
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While some heat rays always penetrate through clouds, in the case of dense thunder- 
storm-clouds the amount may be less than i per cent, of the radiation-intensity at 
noon when the sky is clear. 

(H. H. Kimball and E. R. Miller, ‘The influence of clouds on the 
distribution of solar radiation,’ Bulletin of the Mount Weather Obser- 
vatory^ vol. V, 1912, p. 168.) 

Pursuing the subject to the radiation diffused from the clouds, the records 
upon which figs. 61-63 are based include occasions on which the sun was 
screened by cloud as well as those when the cloud covering a fraction of the 
sky left the sun unscreened. In the case of the radiation from the sky alone 
we have the following information as to the effect of clouds from A. Angstrom^s^ 
observations in summer at Upsala in 1918 and Washington in 1919. The 
observations were made when the sun’s altitude was between 60° and 80°. 


Radiation from clear sky : 


gcal 
cm® min 

kw/(io m)® 

with direct solar radn. about 0*75 g cal/cm® 

min, 52 kw/(iom)® 

0*10 

7 

„ „ „ o-sogcaI/cm“ 

min, 35 kw/(iom)* 

0-30 

21 

Sky covered by Ci-st 


0*15 to 0*30 

10 to 21 

Sky covered by A-st 


0-20 to 0*40 

14 to 28 

Sky covered by St-cu (not very dense) 


about o’so 

35 

Sky covered by Ni (not very dense) 


about 0-35 

24 

Sky covered by Ni (very dense) 


0*10 

7 


The observations are interpreted as showing that, apart from direct sun- 
radiation, cloudiness increases the amount of heat received upon a black body 
at the surface so long as the cloudiness is due to comparatively light clouds 
such as Ci or A-st, whereas the heavy clouds Ni and Cu-ni cause a decrease 
of radiation, the effect of the intermediate cloud-layer St-cu may be either 
way. As we have already noted, the effect of a thunder-cloud upon the Cal- 
lendar record is practically to stop radiation altogether. 

Angstrom concludes : 

For the cloudiness corresponding to the maximum of sky-radiation, the sun radia- 
tion is practically nil. The radiation income corresponding to the cloudiness 10 is 
consequently under these conditions not equal to o, as is often assumed, but about 
50 per cent, of the sun radiation when the sky is clear. On the average the cloudi- 
ness 10 causes a decrease in the total heat income down to about 30 per cent. 

A. F. Moore and L. H. Abbot reached similar conclusions from observa- 
tions at Hump Mountain: 

Taking *0700 calories [4*9 kw/(io m)*] as a fair average of the intensity of the radia- 
tion on a horizontal surface from a cloudless slcy at hour angles of the sun of 3 to 4, 
it will be seen that for cloudy skies the values are from four to nine fold for average 
clouds, and from one to four fold for very heavy clouds. Very often, just preceding the 
precipitation of rain, the radiation drops very considerably and very rapidly. 

With low fog the observations unfortunately are few, but the indications are that 
the radiation is ten-fold or more that of clear skies. 

An average cloudy sky, if the clouds are not too thick, lets through about as much 
radiation (measured on a horizontal surface) as do the sun and a clear sky combined 
with the sun at an altitude of about 15°, The radiation from a low fog is about the 
same as from the sun and a clear sky at 30® sun. 

{Smithsonian Miscellaneous Collections, vol. LXXI, No. 4, Washington, 1920.) 

^ ‘ Some problems relating to the scattered radiation from the sky,’ Monthly Weath, Rev. 
Washington, vol. XLVii, 1919, p. 797. 
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As a further illustration of the variation in the amount of radiation received 
by diffuse sky-radiation when no sunshine is registered, we have the following 
note on observations at South Kensington. On the days when no sunshine was 
recorded in the year 1920 the indications of the Callendar radiation recorder 
ranged from 2 kw-hr/(io m)^ for a day in November to 236 kw-hr/(io m)^ for 
a day in July. 

Sky-searching for short waves: Mr Dines" s observations 

The short-wave radiation from different parts of the sky is included in the 
investigation by W. H. Dines in the application of the instrument which we 
venture to call a sky-searcher. It gives the equivalent black-body temperatures 
of different parts of the sky and thence by calculation the total amount of 
radiation which is received upon a horizontal surface. For the investigation 
of short waves the long- wave radiation is cut out of the measurement by 
interposing a glass plate in the path of the search-beam. 

Dines’s^ instrument deals with heat-radiation somewhat in the same way 
as a searchlight deals with light. It was based originally upon a design 
of L. F. Richardson. Near the closed inner end of a horizontal metal cylinder 
of which the outer end projects horizontally from the side of a large tank of 
water, is placed a pile of thermo-junctions of copper-eureka, arranged as thin 
disks with thin connecting strips ; alternate disks are edgewise on, with the 
intervening ones broadside on. Opposite to the open end of the immersed 
cylinder is a spherical mirror of silver or nickel with its axis at 45° to the 
axis of the cylinder. If the thermopile had emitted a luminous beam like 
a searchlight the rotation of the mirror about the axis of the cylinder would 
have caused the beam to sweep the sky in a vertical plane. Underneath the 
mounting of the mirror, sunk in the ground, was a vertical pit formed by 
a drain-pipe, the upper end open; the lower part contained water, a nearly 
perfect radiator in the vertical direction, at nearly invariable temperature. 

A searchlight thus handled would show a bright patch upon any surface 
less bright than its own beam\ the sky-searcher, in like manner, shows a loss 
of its energy, by the movement of a galvanometer, if the portion of the sky or 
the water in the ground, when covered by its beam, is at a lower temperature 
than the pile. Conversely if the water in the pit, or the cone of atmosphere 
covered by the beam, is effectively “warmer’" than the pile the opposite de- 
flexion of the galvanometer (properly adjusted) makes the difference apparent 
and registers the amount. The effective warmth of the atmosphere depends 
upon its radiative capacity as well as its temperature. 

In this way the ‘ ‘ radiation-temperature of any object covered by the beam, 
of the water in the ground, of the surface of the meadow in which the instru- 
ment is placed or of the heterogeneous radiating material of the atmosphere 
included in a beam directed to the sky, can be measured ; the amount which is 
being radiated from a square centimetre of the water in the pit can be com- 
puted by Stefan’s law from the known temperature of the water, since the 
1 Geophysical Memoirs, 'No. 18, M.O. publication 220 h, London, 1921. 
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water can be regarded as a perfect radiator. Regarding the radiation from the 
field or from the sky, whether cloudy or not, the instrument gives by simple 
calibration, in like manner, the temperature of a black body which would give 
the same amount of radiation as that which is coming from the field or the sky. 

The other bodies, namely the thermopile and the water-pit, being at con- 
stant temperature, the invisible beam of the instrument registers the black- 
body temperature equivalent to the radiation of the part of the ground or sky 
covered by the beam whether it is grass or cloud or clear air. The amount of 
radiation which the grass or cloud or clear air is emitting may be expressed as 
that which would be emitted according to Stefan’s law by one square centi- 
metre of black body at the specified temperature. But in fact we need hardly 
calculate the amount of radiation involved, the equivalent temperature of the 
radiator i? enough. 

If the equivalent temperature of a portion of the sky is read as wtt, the 
amount of radiation received is expressed as cm^ and that is also the amount 
which a square centimetre would distribute over a hemisphere of which it was 
the centre. That would in fact be balanced by incoming radiation from a 
hemispherical enclosure of the same temperature. The inflowing radiation 
as determined by Dines is that which would come to a horizontal square 
centimetre from an enclosure of the same temperature as the equivalent 
temperature of radiation. 

Dines’s conclusions about diffuse solar (short-wave) radiation are as follows : 

1. The amount coming from the neighbourhood of the zenith on a clear day in 
gramme calories per square centimetre per day is approximately equal to the number 
expressing the altitude of the sun in degrees. 

2. The amount increases to a maximum as the zenith angle increases to a value of 
about 60®, at which angle the maximum occurs. 

3. A grass field reflects about one-third of the difliase solar radiation from the sky 
that falls upon it. 

4. Broken clouds, showing much white, reflect the most radiation; in the midday 
hours in September the amount may reach 300 g cal [14-5 kw/(io m)®]. It does not 
seem to matter if the clouds are high or low; fog, with the sun just breaking through, 
will show a large value. As with clear skies, the amount increases with the zenith 
distance, but the values from any definite direction are subject to rapid changes. 

5. Especially dense and heavy cloud sheets supply about the same diffuse solar 
radiation as a clear sky does. A dense fog supplies about as much as a sheet of cirro- 
cumulus. 

6. On cloudless days low haze adds to the diffuse solar radiation. 

7. The direction of the sun has very considerable effect on clear days. The radia- 
tion from parts of the sky near the sun is the greater, but the observations do not suffice 
to lay down any fixed rule. 

The following figures give the means for all the observations in October that were 
taken within four hours of midday, in November within three hours, and in December 
within two and a half hours. 


Alt. of zone 

00 

to 

0 

0^ 

Measures in g cal/cm® day 
67° 30' 30' 37 ° 30' 

22° 30' 

7 3<5 

Grass 

field 

Oct. 

57 

60 

70 

75 

78 

66 

35 

Nov. 

51 

50 

55 

56 

57 

40 

22 

Dec. 

41 

41 

46 

47 

52 

40 

17 


At and after sunset short-wave radiation from the sky is inappreciable. 
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An analysis of the results of observations of the same kind extended over 
the five years 1922 to 1926 is given in the following tables^. 


Short-wave radiation from cloudless and overcast skies 

Measured between 10 h and 14 h in winter and between 9 h and 15 h in stammer 
in gramme calories per square centimetre per day convertible to 
kilowatts/(io m)* by the factor 0*0484 


Cloudless skies 



Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July . 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Year 

Radiation from 

26 

30 

37 

SI 

71 

S 6 

46 

39 

45 

41 

26 

22 

41 

CclCo Xlai 

hemisphere 














From grass-field 

22 

19 

SO 

82 

94 

69 

86 

38 

71 

S 3 

28 

18 

52 

Number of 

17 

14 

9 

16 

13 

16 

7 

3 

14 

21 

19 

19 

168 

observations 


















Overcast skies 








From hemisphere 

34 

44 

72 

72 

109 

120 

128 ] 

[20 

106 

lOI 

43 

24 

81 

From grass-field 

9 

10 

17 

18 

30 

30 

28 

26 

20 

19 

10 

5 

19 

Number of 

26 

17 

19 

17 

19 

29 

14 

20 

19 

23 

20 

29 

252 

observations 














The average zonal distribution for the whole year is as follows : 
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Analysis of the effect of the atmosphere on the radiation from the sun 
Item D of the general balance-sheet. The earth’s albedo 

The amount of radiation which is received from sun and sky at any station 
in the course of the year is by no means the whole of that which reaches the 
confines of the atmosphere, and which would enrich the surface if the air 
were always perfectly transparent. That is far from being the case. Wherever 
there are clouds a large fraction of the radiation, probably about three-quarters 
of the whole, is diffused by reflexion or scattering, and passes out into space. 
The same is true for the areas which are covered with snow or ice. These dif- 
ferent forms of water account for the chief part of what is known as the earth’s 
albedo which corresponds with moonlight for the moon, or the diffused light 
of the sun by which the planets are visible. 

Those parts of the earth’s surface which are not screened by clouds or 
covered by snow do not absorb the whole of the radiation which reaches them, 
part is reflected, diffusely or otherwise, by the surfaces of water, earth or 
vegetation, and makes its contribution to the radiation which is retransmitted 
to space as short waves. These contributions from clouds and from snow and 
from other parts of the surface, combine to form the item which, for the whole 
earth, is estimated as item D of the balance-sheet. 

1 'Monthly mean values of radiation from various parts of the sky at Benson, Oxfordshire,’ 
by W. H. Dines and L. H. G. Dines. Memoirs of the Royal Meteorological Society, vol. ii, 
No. II, London, 1927. 
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Some of the radiation which traverses the atmosphere is absorbed by the 
dust, the water- vapour or the carbon dioxide of the air and raises its tempera- 
ture and consequently increases the long-wave radiation from the body of the 
atmosphere itself. It is brought to account in the balance-sheet with items 
E and F. 

W. H. Dines estimated the general albedo of the earth, that is the return 
to space of short-wave radiation, from the sea, the clouds, the air and the 
varieties of surface of the earth, at 50 per cent, of the incident radiation. The 
figure for the ratio of energy reflected from different parts to the energy of 
radiation incident upon them may range from 78 per cent, for clouds or snow 
to 10 per cent, or less for the surface of water. What the actual value in the 
case of any particular material may be is a matter to be decided by observa- 
tion. Nevertheless in this as in other branches of meteorology it is helpful to 
have a provisional estimate for reference while the final standard is being 
gradually evolved. 

After elaborate examination of the available data C. G. Abbot^ arrived at 
the value of 37 per cent, as the equivalent albedo of the earth as a whole, of 
which reflexion from clouds accounts for 29 per cent., reflexion from the earth 
2, and reflexion from the air 6. A more recent computation by Aldrich based 
on the value 78 per cent, as the reflecting power of clouds gives the value 
43 per cent. 

A pyranometer suspended below the basket of an Army observation balloon was 
used to measure the reflecting power of a level cloud-surface practically filling a 
hemisphere of solid angle. Over 100 determinations were made. The solar air-masses 
ranged from 2*8 to 1*2 and the sky above was cloudless and very clear. A mean value 
of 78 per cent, is obtained. No change of total reflection depending on solar zenith 
distance is apparent within a range of zenith distance from 33® to 69®. 

(Ann, Astrophys, Obs, vol. iv, 1922, p. 381.) 

The details of the computation of the albedo have been reconsidered by 
G. C. Simpson in Memoir No. 23 of the Royal Meteorological Society. 

In the balance-sheet we have taken no account of energy received from 
other external bodies than the sun. Energy is in fact received from the moon, 
planets and stars, otherwise we should not see them, but the amount received 
is too small to aflFect the measurements which express the condition of the 
atmosphere. 

For the purpose of comparison we give the figures estimated by astronomers 
for the light reflected from the moon and planets. 

The visual albedo of the moon and planets expressed as percentage 
of the sunlight incident upon them 
(From Smithsonian Physical Tables^ 7th edition, 1920, p. 417) 

Moon 7*3 Earth 43 Saturn 63 

Mercury 6-9, 5*5 Mars 15*4 Uranus 63 

Venus 59 Jupiter 56 Neptune 73 

Clouds are visible on Jupiter as the photographs on pp. 169-71 of vol. II show. 
The brilliancy of Venus is regarded as due to the planet being surrounded by 
an envelope of cloud. 

^ Ann. Astrophys. Ohs. vol. ii, 1908, p. 163. 
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The reflexion of solar energy by different surfaces 

So far as possible the measures of the intensity of the incident radiation are 
derived from instruments which make use of a perfectly black receiving sur- 
face; few material surfaces approach perfection in that respect; all reflect, 
whether as regular or diffuse reflexion, some fraction of the incident energy. 

Expressed as percentage of the incident radiation the figures for reflexion 
from various natural surfaces are as follows^: 


Per cent. 
Rock 12 to 15 

Dry mould 14 

Wet mould 8 to 9 
Grey sand 18 


Per cent. 
Wet sand 9 

Grass 10 to 33 

Water, sun 47® 2 

Water, sun 54® 71 


Per cent. 

Snow 70 to 80 

White sandstone 'j At 20® '24 

Clay marl V inci- - 16 

Moist earth J dence ^ 8 


It is to be remembered that the energy which is incident must be accounted 
for either as reflected or absorbed or transmitted. Disregarding what in certain 
circumstances may be transmitted the differences between 100 and the per- 
centages given above represent the portion of the incident energy which is 
absorbed. The general result is thus summed up: 

When the ground-surface is not snow-covered reflexion is insignificant. Black soil, 
areas covered by pine and spruce forest, or hardwoods not in leaf reflect but a small 
per cent, of the radiation incident on them ; grassland, hardwoods in leaf and growing 
crops can reflect 15 per cent., while dry sand and light coloured rocks can send back 
30 per cent, of the insolation which they receive. The reflexion from a snow cover 
however is over 70 per cent. 

(H. I. Baldwin, Bulletin of the American Meteorological Society^ I9^5f P- 1^3-) 


The energy which returns to space from the surface in this way is, properly 
speaking, included in the 50 per cent, of the incident radiation that is allowed 
in the balance-sheet as albedo ; but the contribution is not of great importance 
except in the case of a surface of snow. The reflexion from the water-surface 
of the earth has been estimated ^ at 6 per cent., that of the remainder, including 
the snow and ice of the Arctic and Antarctic regions, at 15 per cent., and that 
of the whole earth’s surface at 8 per cent. 

These figures are understood to refer to the short-wave radiation which is 
received from the sun. 

The energy which is absorbed at the earth’s surface raises the temperature 
of the absorbing material and is returned to the atmosphere either by con- 
duction and convexion, item L, or as long-wave radiation, item G. 

Of the substances enumerated, water and green leaves have the power of 
transmitting as well as reflecting and absorbing. For the green leaves of trees 
Angstrom estimates that in early summer when leaves contain much water 
reflexion accounts for 19 per cent., absorption 55-5 and transmission 25*5, 
but in late summer when leaves are drier the figures become 29, 38, 33. 

^ See Angstrom, *The albedo of various surfaces of ground,’ Geografiska Annaler^ 192S, 
p. 323; F. W. P. Gotz, Das Strahlungsklima von Arosa, Berlin, 1926; Zollner, quoted in 
Annals of the Astrophysical Observatory, vo\. ii, p. 161, also L. F. Richardson, Proc, Roy. Soc. 
A, vol. xcvi, 1919, p. 25 and Report on photometers. Met. Sec. U.G.G.I. Mem. 2. 

® Annals of the Astrophysical Observatory, vol. ii, 1908, pp. 161-2. 
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THE ANALYSIS OF RADIANT ENERGY ACCORDING TO WAVE-LENGTH 


We have so far regarded radiation as divisible into two different kinds, 
namely, short-wave radiation from the 
sun and long-wave radiation from the 
earth as represented in fig. 49. In ac- ^ 

cordance with Wien’s law we may attri- 


bute this mode of differentiation to the 
fact that the temperature of the sun’s 
surface, estimated at about 6ooott, far 
exceeds the temperature of the air or 
of any part of the natural surface of 
the earth, something between 320tt and 
200tt. The wave-length of maximum 
radiation in a sunbeam is about •5jLt. It 
is so far removed from the maximum of 
radiation for terrestrial objects (between 
Sfi and izfi) that on a gradually in- 
creasing scale of wave-lengths, or gradu- 
ally diminishing frequency, the intensity 
of solar radiation has died out before 
the effective wave-lengths of the terres- 
trial radiation have been reached. 

The range of radiation at experimental 
temperatures can be illustrated by the 
well-known curves of fig. 71 which are 
based on measurements of Lummer and 
Pringsheim^. The energy of the radiation 
of a black body at zSytt only begins at 
4j[x, reaches its maximum about lo/x and 
can be regarded as extending beyond 
60 jjb, but with very little intensity beyond 
30/Z. The limits of visibility of the solar 
spectrum are from *4]^ to -S/x. Thermal 
energy can be traced from -zyi to beyond 
I2/X, but it is not really appreciable be- 
yond 3 jL6. For the solar spectrum outside 
the atmosphere Abbot gives the follow- 
ing distribution for different parts of 
the spectrum in decimal fractions of the 
whole energy: 



Fig. 71. Distribution of intensity of 
radiation among the wave-lengths, of 
the radiation of a black body at 
different temperatures (Lummer and 
Pringsheim). 

The ordinates are intensities or emis- 
sive powers (which are proportional) 
and the abscissae are wave-lengths. 
I'he total energy of radiation for a 
given temperature is represented by 
the area between the curve and the 
horizontal axis. This area increases ac- 
cording to the fourth power of the abso- 
lute temperature according to Stefan’s 
law. The scale of ordinates represents 
millions of c, g, s units per micron. 


Range of wave-length 0-0*45 *4S~’55 *S5”*67 *67—90 *90-1*10 >1*4 

Energy fraction of total *12 *20 *17 *20 *ii *08 *12 


^ ‘Kritisches zur schwarzen Strahlung,’ Ajin. der Physik, Vierte Folge, Bd. vi, Leipzig, 
1901, p. 200. 

® Annals of the Astrophysical Observatory, vol. ir, 1908, p. 128. 
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The laws of absorption and of scattering 

We have next to recognise that in the transmission of radiation, whether long 
wave or short wave, between the sun and the earth, the atmosphere intervenes 
as an imperfectly transparent medium. In illustration of the effect of the 
atmosphere upon the short-wave radiation we may refer to fig. 72, which 
reproduces the normal curve of relation of radiation to wave-length obtained 
by S. P. Langley^ with the bolometer. The notable departures from the 
smooth run of the curve are due to the absorption of the atmosphere. They 
amount altogether to about 10 per cent, of the incident radiation. 

The imperfection of its transparency arises from two causes, first the 
absorptive effect of certain constituents of the atmosphere, viz. water- vapour, 



‘ pirr 6 pu^te x.. Xi ^X- 

itonMAi. Spcctpum 

CuMvti 


Fig. 72. Normal solar spectrum, bolometric curve of energy referred to a scale of 
wave-lengths in terms of millionths of a centimetre, showing the absorption of the 
atmosphere (S. P. Langley). 

carbon dioxide and ozone, and secondly the disturbing effect, upon trans- 
mission, of the molecules of the air itself, or of the liquid particles (with or 
without solid nuclei) which assemble themselves together in clouds, and the 
fine solid particles of salt, sand, grit or soot, which are carried for vast distances 
from volcanoes, forest-fires, seashores, deserts or chimneys. 

These are always present in the atmosphere to a greater or less degree and 
produce such visible effects as the brilliance of an illuminated cloud, the 
darkness of a sandstorm, the yellow or crimson colours of dawn and sunset, 
and the red colour of the sun in city fog. 

In the solar radiation as registered by the bolometer, besides the loss due 
to the scattering of light by the molecules of air there is notable absorption 
in the region of ultra-violet below -/[.[jl which is attributed to ozone. There 
are also absorption bands which are indicated hy p, a and t about *9 pi just 
beyond the red end of the spectrum; 0, Y and between i pi and 2 pi farther 

^ ‘Researches on Solar Heat,* Professional Papers of the Signal Service^ No. xv, Washington, 
1884. 
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in the infra-red, X at to 2-8 /x and Y and Z, still farther in, where the 
original intensity is very small. 

Long-wave radiation which is emitted by black bodies has a notably trans- 
parent band from 9 ju, to 1 1 jlc ; great absorption by water- vapour from 6/>c to 
8/z and from 13 /x to 20 /x, with moderate absorption elsewhere; there is also 
absorption by ozone about lo/x and strong absorption by carbon dioxide from 
12 fx to 18/X. So that on the average only 10 per cent, of “ black-body-radia- 
tion’' gets through the atmosphere as radiation, the remaining 90 per cent, 
being absorbed and transformed into heat. The actual percentage absorption, 
however, depends like many other things upon the weather. 

Absorption 

The absorption of energy by a transparent medium is of considerable 
interest as illustrating once more the rule of logarithmic relationship between 
two quantities which later we shall see expressed in the vertical distribution of 
pressure and in other ways. The law is originally due to Bouguer and can be 
expressed thus : 

As the radiation passes through successive layers of equal thickness of a 
medium which is only imperfectly transparent on account of absorption, each 
successive layer absorbs the same fraction of the energy of the radiation which 
impinges upon its front surface. Imagine for example radiation passing through 
successive centimetres of water. If the first centimetre absorbs one-tenth of 
the incident radiation the next will absorb one-tenth of the remainder and the 
next one-tenth of what has passed the second and so on. Hence the first layer 
will have transmitted the second the third ( and the nth. layer 
The amount absorbed will be the difference between the original 
1 q and Iq. The amount which survives to pass the nth layer is Iq 

The relation may be expressed in the form I — where a represents the 
fraction of the incident radiation transmitted through unit thickness of the 
absorbing substance and is therefore defined as the coefficient of transmission. 

This is a logarithmic or exponential law which may be expressed as 

log I — log Iq = n log or / = Iq where = a. 

In actual practice the effect of the selective absorption, that is the difference 
in the effect of the medium upon waves of different wave-lengths, is of great 
importance, and prevents the application of any simple formula such as that 
quoted above. This important principle of the dependence of absorption upon 
wave-length is most effectively illustrated in the case of light when wave- 
length is identified as colour. Thus we may have a glass like the cobalt blue 
which is moderately transparent for blue light over a considerable range of 
wave-lengths, and much more perfectly transparent for a narrow band in the 
deep red. Let us suppose that the transparency or coefficient of transmission 
for the two kinds of light is • i for blue and -9 for red for a layer of i mm, then 
for two millimetres the transmitted blue will be -oi and for the transmitted 
red -81, for a third layer -ooi for the blue and -729 for the red. Hence a layer 


10-2 
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a few millimetres in thickness is practically no longer blue glass but very 
definitely red glass. The experiment can easily be tried with plates of cobalt 
blue glass and the same kind of thing can be illustrated in atmospheric 

absorption. . 

The absorption of the atmosphere will depend upon the length of path in 
accordance with the formula I = /o«”- The fraction a is generally different 
for different wave-lengths. It is by the application of this principle that 
Langley and other observers following him arrive at a satisfactory limiting 
value for the energy of solar radiation outside the atmosphere. 

By choosing the time of suitable solar altitude the length of path can be 
obtained which is twice that of another given altitude, and in this way the 
limiting value can be obtained by a species of extrapolation. 

Selective absorption of solar radiation 
Item C of the balance-sheet 

For every separate wave-length in the spectrum of a radiating body there is 
an appropriate coefficient a in the formula 1 = practice the re- 

ceiving part of any instrument for measuring the energy will cover a range of 
wave-lengths depending on the degree of separation or dispersion in the 
spectrum under examination ; hence the experimental values of the coefficient 
represent the absorption for a certain range of wave-length rather than that 
for a single point in the spectmm. The coefficient of Bouguer’s formula thus 
obtained cannot be applied to spectra which have a curve of distribution 
materially different from that for which the coefficients were obtained. 

For the spectral distribution represented in fig. 72 the principal absorption 
bands and the materials which are regarded as responsible for the absorption 
are placed as follows^ : 


Principal absorption bands of the solar spectrum 
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* According to Hettner®, extends from 1-91 to I'97 a4, co^ from 1*97 to 2*03 both are 
accounted as due to water- vapour. 

The absorption of water-vapour is of fundamental importance in the section 
of long-wave radiation, but it has little effect on the short-wave radiation from 
the sun. 

At sea-level on a clear day when the sun is in the zenith only about 6 to 8 per cent, 
is absorbed from the direct solar beam within the great infra-red bands... in its 
passage to the surface of the earth. 

(F. E. Fowle, Annals of the Astrophysical Observatory , voL IV, p. 274; * "Water- 
vapour transparency to low-temperature radiation,* Smiths. Misc. Coll. vol. nxvin , 
1917.) 

^ F. E. Fowle, ‘ The transparency of aqueous vapour,’ Astrophysical Journal, vol . XLi 1,1915, 
p. 400. 

® Ann. derPhysik, Vierte Folge, Bd. lv, Leipzig, 1918, p. 493. 
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The effect of the atmosphere is such that the distribution of the energy 
is changed as shown in fig. 73. 

For different air-masses the figure shows the normal distribution among the 
respective wave-lengths, from -35 /x to 2*35 /x,, of the transmitted solar energy 
for Washington, 127 m : (I) Outside the atmosphere, air-mass o, with maximum 
at -48 /X,; (II) with solar altitude 65° (air-mass i-i), maximum at -S/x; (III) 
with solar altitude 30° (air-mass 2), maximum at •68/x; (IV) solar altitude 


DISTRIBUTION OF THE ENERGY OF A SUNBEAM ACCORDING TO WAVE-LENGTH 



Fig. 73. The distribution of energy according to wave-length in a sunbeam as com- 
puted for the confines of the atmosphere (Curve I) and after traversing air-masses 
i-i,a,3, S(CurvesII, III, IV, V). 

The scale of wave-lengths in millionths of a millimetre is set out along the base. The 
intensity of radiation for a given interval of wave-length is given by the ordinate 
according to a scale at the side. 

Curve VI gives the relative brightness of the parts of the spectrum and Curve VII 
the intensity of “sky-radiation” for different wave-lengths at Mount Wilson. 

(H. H. Kimball, Monthly Weather Review, vol. Lii, 1924, p. 474*) 

19-3° (air-mass 3), maximum at the same; and (V) solar altitude 11-3® (air- 
mass 5), maximum at •7/x. The additional curves in the diagram are (VI) the 
visibility of the radiation in respect of wave-length, and (VII) the intensity of 
the sky- radiation at Mount Wilson, 1730 m. 

Dorno remarks that outside the limit of the atmosphere the energy of solar 
radiation is made up of 5 per cent, of ultra-violet, 52 per cent, visible and 43 
per cent, infra-red, whereas at the earth’s surface (at Davos) for mean solar 
altitude the composition is less than i per cent, ultra-violet, 40 per cent, of 
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visible and 6o per cent, infra-red, thus showing the effect of the atmosphere 
in reducing the intensity of the radiation of smaller wave-lengths. 

Oxygen, ozone and carbon dioxide. Other constituents of the 
atmosphere which absorb short-wave radiation are oxygen and ozone. The 
absorption by oxygen is small, being represented in Langley’s curve (fig. 72) 
by the dips A and B. The absorption by ozone is extremely vigorous but it 
occurs only in the violet and ultra-violet part of the spectrum where the whole 
energy is very small, less than i per cent, of the whole spectrum. 

The curve of energy of the solar spectrum shows very little intensity beyond 
the wave-length *4 /x which marks the boundary of the visible spectrum on the 
side of short wave-lengths, and yet that part of the solar radiation is recognised 
at health-centres and elsewhere as an important climatic element. The wave- 
length •3/x is an important ppsition, its behaviour in respect of ozone has 
attracted much attention. The solar spectrum appears to be cut off from -3 /x 
downwards by air or by certain of its ordinary constituents, and the absorption 
is operative even at 9000 metres. 

There is also an absorption band due to ozone at -b/x but its coefficient of 
absorption is smalT. 

Carbon dioxide is an important constituent of the atmosphere for long- wave 
radiation, but it has practically no effect upon short waves. 


Scattering or diffuse reflexion 

We have already explained in our treatment of the blue colour of the sky 
that when a beam of sunlight passes through the atmosphere part of the energy 
is diverted from the regular rectilinear progression of the beam to a dispersal 
in all directions by scattering, which takes place from any material to be found 
in the way of the travelling radiation. The fraction of the energy which is 
scattered is inversely proportional to the fourth power of the wave-length, but 
any result of this differentiation of wave-lengths for different colours is only 
apparent when the wave-lengths are so small that the difference of wave- 
length makes a sensible difference in the fraction of the energy scattered. 

When the particles are as large as those of a sandstorm or a cloud, waves of 
all lengths are similarly treated and we pass from scattering to diffuse reflexion 
from drops or particles of visible size. 

The actual process appears to be applicable continuously to particles of 
larger and larger size through the irregular and diffuse reflexion from a cloud 
of water-drops or dust to the regular reflexion from a transparent plane surface 
with its polarising angle. 

Much attention has been given to the question of diffuse reflexion by the 
workers of the Smithsonian Institution. We quote Fowle’s summary^ of the 
results : 


The non-selective scattering of energy varies continuously with the wave-length 
and IS easily expressed as a continuous function of the wave-length. In the case of 

International de Recherches, Deu^ihne Rapport de la Commission des 
relations entre les phSnomhies soknres et terrestres, Paris, 1929 p. 40. 

® Astrophy deal Journal, vol. XLii, 1915 , p. 394. 
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the permanent gases of the atmosphere above Mount Wilson on clear days the scat- 
tering is almost purely molecular and may be computed from the number of molecules 
present in the path. In the case of water-vapour the losses are considerably greater 
than would be expected from purely molecular scattering and are apparently caused 
by grosser particles associated with water-vapour. The scattering varies so slowly with 
the wave-length that the coefficients which express it depend but slightly upon the 
purity of the spectrum.. . . 

Above an altitude of 1000 metres dust is generally negligible on clear days. At sea- 
level the dust coefficients are very variable from day to day. They are probably nearly 
the same for all wave-lengths less than 3 /i. The average scattering caused by the dust 
above Washington on clear days is about 9 per cent. On one of the clearest days on 
which observations have been made there it amounted to 3 per cent. (February 15, 

1907). 

The atmospheric losses from the incoming solar energy comprise five parts : 

(i) that due to the general scattering by the molecules of the permanent gases of 
the atmosphere ; 

(z) that due to the general scattering associated with water- vapour ; 

(3) that due to selective (banded) absorption of the permanent gases of the atmo- 
sphere ; 

(4) that due to the selective (banded) absorption of water- vapour ; 

(5) that due to dust. 

For the average amount of water-vapour at Mount Wilson (0*7 cm precipitable 
water) the losses of solar energy due to dry air, the water- vapour, and both together 
are on the average when the sun is in the zenith o- 1 5 cal, o* 17 cal, o- 33 cal ; and for sun 
at altitude 20°, 0*39 cal, 0*25 cal, 0*64 cal. 

For Washington on the driest day (0*5 cm precipitable water) the corresponding 
values are: for zenith sun, 0*19 cal, 0-19 cal, 0*38 cal; for sun at 20°, 0-44 cal, 0*37 cal, 
0’8i cal. 

(The loss due to dust at Washington is included with that due to water- vapour.) 

On the average about half the loss of energy in coming through the atmosphere is 
due to the permanent gases and half to water-vapour. 

Tables and other particulars are given in the memoir to which reference 
has been made. 

The light which is diffused by regular or irregular reflexion from earth or 
cloud is included under the term albedo. 


Molecular scattering and atmospheric absorption 

The scattering from the molecules of the air in the regions beyond the 
clouds is regarded as being in accordance with the formula of Rayleigh’s 
theory of scattering^. It is generally accepted as an explanation of the blue of 
the sky. 

In a note to Nature in 1909, Sir Arthur Schuster cited Lord Rayleigh’s 
formula for the scattering of light by small particles and drew the conclusion 
that if k were the coefficient of extinction of energy, [jl the refractive index, 


^ Rayleigh, Scientific Papers ^ vol. I, Cambridge, 1899, p. 92; see also L. V. King, ‘On the 
scattering and absorption of light in gaseous media with applications to the intensity of sky- 
radiation,’ Phil. Trans. A, vol. ccxii, 1913, p. 375. The intensity of the light scattered from 


a cloud is thus equal to — ^ sin® a 


XV® 


, where T is the volume of the disturbing 


particle, r the distance of the point (illuminated by the scattered light) from it, X the wave- 
length, D and D' the original and altered densities of the medium. 
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n the number of particles per cc (2*72 x 10^®), k = 327^® {p^ — 2nd 

if is the height of the homogeneous atmosphere above the point of 
observation and no light is lost in any other way than by molecular 
scattering, the fraction of light which would reach the observer would be 
Calculating the loss by molecular scattering in this way for different wave- 
lengths he placed the figures for Washington and Mount Wilson in juxta- 
position with the actual loss of energy computed from observations of radiant 
energy for an exceptionally clear day, 15 February 1907 for Washington and 
II October 1906 for Mount Wilson. 



Fig. 74. Fractional loss of energy of solar radiation of different wave-lengths in the 
visible spectrum as computed from the scattering of molecules of air (full thin line) 

and as observed on exceptionally clear days ( ) and on all days (full thick line) at 

Washington and Mount Wilson. 


The comparison is represented in fig. 74 in which the thin full line shows 
the relation to wave-length of the loss by molecular scattering as calculated 
from the formula, the broken line the loss computed from the observations on 
the selected clear days, and the thick full line that computed for the observa- 
tions of all days. It is evident that on clear days at Mount Wilson the loss is 
accounted for by molecular scattering. 


The human body as radiator 

The short waves of solar radiation include those which are regarded as 
peculiarly active in their effect upon the human organism, ultra-violet rays 
especially ; but on that subject we have still much to learn. With practice 
the human body displays its capacity for reacting to the radiative conditions 
of its environment. The phosphorescence of living tissue in invisible ultra- 
violet is an example. Dr Leonard Hill with his “kata- thermometer’’ assimi- 
lates us to wet bodies. We might use another analogy. Long experience goes 
to show that where short waves are plentiful and powerful humanity expresses 
itself as a ‘‘black body,” a good absorber and a good radiator; but where 
short waves are scanty it becomes a white body with the albedo that belongs 
thereto, and perhaps helps to protect it against the loss of radiation by long 
waves to which we now turn our attention. 
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Long waves 

Having set out the conditions of transmission and absorption of short-wave 
radiation of the solar spectrum, we proceed now to consider the conditions 
which apply in the case of long- wave radiation such as that which is emitted by 
a black body at ordinary terrestrial temperatures between i8ott and 320tt. 
We may regard the radiation at aSytt, represented in fig. 49, as typical. 

With a rock-salt prism long waves may be appreciated also in the solar 
spectrum and have actually been measured between 9 il and 13 ju,, but the scale 
of intensity is of the order of one-tenth per cent, in comparison with the 
radiation between 2 jw, and 3 /x. We shall therefore, in what follows, disregard 
the sun as a long-wave radiator. 

Water-vapour. The constituents of the earth’s atmosphere which we 
have specially to consider in relation to the transmission and absorption of long 
waves are again water-vapour, carbon dioxide and ozone. Of these water- 
vapour is by far the most important. And again we may regard the influence 
of water- vapour upon the radiation in respect either of emission or absorption 
as depending upon the total quantity of water involved. On that account the 
quantity of water- vapour in a layer of the atmosphere is expressed in the 
phraseology of the Smithsonian Institution as the thickness of precipitable 
water, or the depth of water equivalent to the vapour. With this understanding 
Fowle gives the following table of intensity of radiation from a black body at 
287tt between certain limits of wave-length and the absorption of the atmo- 
sphere with certain thickness of precipitable water, wherewith any effect of 
absorption by carbon dioxide 4/>c to 6ju, and 13 ju- to 16 jit, and that of ‘‘ a band 
of unknown origin at about lo/x,” would be included. Ozone has also absorp- 
tion bands between and 10 /x. 


Atmospheric absorption of earth-radiation 


Wave- 

Energy of 
black body 

Percentage absorption for precipitable water 

r ^ 

length 

at 287tt 

■003 cm 

•03 cm 

•3 cm 

3 cm 

3 to 4 /i 

5 

10 

30 

SO 

75 

4 to 5 

50 

15 

45 

7 ? 

95 

5 to 6 

142 

16 

t \ 

66 

95 

6 to 7 

242 

45 

95 

100 

7 to 8 

315 

13 

42 

85 

100 

8 to 9 

360 

0 

2 

40 

50 

9 to 10 

380 

0 

0 

0 

IS 

10 to II 

370 

0 

2 

5 

40 

II to 12 

350 

0 

0 

4 

10 

12 to 13 

320 

0 

0 

13 

20 

13 to 16 

810 

100 

100 

100 

100 

16 to 20 

510 

(90) 

100 

100 

100 

20 to 30 

900 

?( 7 o) 

?(8o) 

?( 9 o) 

100 

30 to 40 

300 

?(ioo) 

?(ioo) 

?(ioo) 

100 

40 to 50 

150 

(100) 

(100) 

(100) 

(100) 

50 to 60 

75 

(100) 

(100) 

(100) 

(100) 

3 to 60 

5279 

[39 kw/(io m)*^] 

49 

57 

66 

75 
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In accordance with the values given in the last line of the table the vertical trans- 
missions of the earth’s radiation are therefore 51, 43, 34, and 25 per cent., corre- 
sponding to 0-003, 0-03, 0*3 and 3 cm precipitable water. Further, applying these last 
figures to the transmission of radiation outwards in all directions from a horizontal 
surface at sea-level, assuming Lambert’s cosine law, and i cm precipitable water, it 
is found that 28 per cent, of the earth’s radiation under such circumstances passes 
directly out to space. 

Considering the rate of growth of percentage absorption with increasing atmospheric 
humidity, and that 

(1) . . .average precipitable water is to be regarded as 3 cm; 

(2) outgoing terrestrial radiation is emitted at such angles of emergence that the 
air-mass of average emergence is i-8 times that of zenith transmission; 

(3) that the absorption of ozone in the high atmosphere seems to cut off one-fifth 
of the surface terrestrial radiation transmitted by the lower atmospheric layers, 

we conclude that of the earth’s total surface-emission it is unlikely that more than 
20 per cent, is transmitted by the atmosphere to space in fair weather. Allowing for 
total absorption 50 per cent, of the time by clouds, the final result is 10 per cent, as the 
transmission to space from the earth’s surface. 

{Annals of the Astrophysical Observatory, vol. iv, 1922, p. 286.) 

The table makes no allowance for the variation in the absorption by the 
same quantity of water-vapour under different conditions of total pressure, 
which for the water-vapour band about 27 /x. was shown by Frl. v. Bahr^ to 
range from 4-6 per cent, to 12 per cent, for a variation of total pressure from 
140 mb to 1000 mb. For the atmosphere, in which the greater part of the 
vapour is in the lower layers, the correction is not of great magnitude. We are 
not yet in a position to utilise it quantitatively in meteorological practice. 

In the application of the facts of radiation to account for the thermal 
structure of the atmosphere it has been the practice to regard water- vapour as 
a “grey” body, that is one which absorbs all wave-lengths in the same pro- 
portion. In a memoir recently presented to the Royal Meteorological Society, 
Dr Simpson^ has pointed out that that assumption leads to erroneous con- 
clusions, or at least that the’agreement with observation of a conclusion based 
upon it may be regarded as coincidence. 

Further light has been thrown on the selective absorption and corresponding 
emission of long-wave radiation by the atmosphere through the recent in- 
vestigations of G.Hettner®, who has determined experimentally the absorption 
for layers of steam of 109 cm to 32-4 cm at relatively high temperatures. The 
results are expressed in a diagram representing the coefficients of absorption 
for wave-lengths between 0’8 [x, and 36/i. In this diagram absorption is shown 
as complete for wave-lengths between 2’5/* and 2*9 /*, between 5-5 /u. and 8 n 
aM from 14 onwards to the extent of the range of wave-length investigated. 
The maxima agree fairly weU with Abbot and Fowle’s results upon which the 
diagram of fig. 49 is based. 

s 'Smitfe. Misc. Coll. vol. Lxvin, No. 8, 1917. p. 7. 

vol. m)'No*'2i*'i9^8 ^ radiation, Memoirs of the Royal Meteorological Society, 

® loc. cit,, vide p. 148. 
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From Hettner’s diagram Dr Simpson has prepared a curve of selective 
absorption for -3 mm of precipitable water-vapour with which he has in- 
corporated the coefficients for COg. The diagram is reproduced in fig. 75. 


SELECTIVE ABSORPTION OF LONG-WAVE RADIATION 
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Fig. 75. Selective absorption of long-wave radiation by water-vapour (vertical ruling) 
calculated as the effect of vapour equivalent to *03 cm of precipitable water and as the 
effect of carbon dioxide (horizontal ruling) calculated as -06 g/cm^ of carbon dioxide. 


From that curve and corresponding curves of emission based upon it he has 
computed the outgoing radiation from the earth which works out remarkably 
near to the value for the incoming radiation computed from the solar constant 
with an allowance of 43 per cent, for the earth^s albedo. The diagram makes 
no allowance for absorption by dust ; the coefficients employed were derived 
from experiments on water- vapour in closed tubes, the conditions for which 
are not fully realised in the open air. 

In a subsequent memoir Dr Simpson has given the computation of the 
energy received and lost by different parts of the earth’s surface in January 
and July. He finds that, broadly speaking, each hemisphere in its own summer 
is receiving radiation in excess of the loss to space, while in each month of the 
year the total received by the whole earth is in agreement within 2 per cent, 
with the energy lost. 

Other conclusions derived from the same premises we shall refer to in a 
subsequent chapter. 

Carbon dioxide. Of the gaseous constituents of the atmosphere other 
than water-vapour, carbon dioxide is the only one which need be considered. 
Apart from ozone, oxygen and nitrogen are said not to be absorbing agents. 

In atmospheric conditions the absorption of carbonic-acid gas in the spectrum of 
the earth appears to be confined to two bands extending from wave-length 3*6 jLt to 
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5*4/4 and from 13*0/4 to 16-0/4 respectively. In these bands its absorption is nearly 
total from 4-0 /x to 4*8 /4 and from 14-0/4 to 1 5-6 /4 even when carbonic acid is present 
in much less quantities than the atmosphere contains. But the areas included by the 
energy curve of the “black body** at 287*2tt from 3-6/4 to 5-4/4 and from 13-0/4 to 
16-0 /4 are 0-5 per cent, and 13*5 per cent, of the total area of the curve ... in the absence 
of water- vapour the total absorption possible by carbonic-acid gas would be 14 
per cent. {Annals of th^ Astrophysical Observatory^ vol. ii, 1908, p. 173.) 

Schaefer. . .concludes that a variation in the amount of CO2 in the atmosphere 
would not materially affect its absorbing power for solar radiation, since the amount 
present, equivalent for vertical transmission to a path of 250 cm at a pressure of 
760 mm, is much more than sufficient to exert full absorption for the width of band 
corresponding to the density of CO2 in the atmosphere. 

If we use the results obtained, we find that for CO2 at a pressure less than 760 mm, 
the maximum possible absorption for radiation from a 15° C [288tt] source in the 
bands discovered is about 18 per cent, of the complete energy in the spectrum of a 
perfect emitter, as given by Planck’s formula. 

(E. Gold, ‘The isothermal layer of the atmosphere and atmospheric radia- 
tion,’ Proc. Roy, Soc. A, vol. Lxxxii, London, 1909, pp. 49, 51.) 

It is the absorption of long- wave radiation by an atmosphere which contains 
carbonic acid and the absence of any corresponding absorption of the short 
waves coming from the sun which has suggested to Arrhenius, Ekholm and 
others the idea of a possible change in the climate of the world by the ‘‘green- 
house effect” of an increased amount of carbon dioxide in the atmosphere. 

(See W. J. Humphreys, Physics of the Air,) 

Water. The reference of the radiation of water-vapour to the equivalent 
thickness of liquid water points to the necessity for citing what information 
we possess about the absorption of radiation by water in the ordinary liquid 
form. That water, like window-glass, is remarkably opaque to long-wave 
radiation is common knowledge in the physical laboratory where a glass cell 
containing water, and still better a solution of alum, is used to filter out the 
“heat rays” of a projection lantern. 

According to Fowle^, W. Schmidt, using data of Aschkinass, computes the 
absorption by various thicknesses of water as follows : 

I mm absorbs everything for wave-lengths greater than 2-4/4 
I cm absorbs everything for wave-lengths greater than 1-5/4 
10 cm absorbs everything for wave-lengths greater than 1-2/4 
10 m absorbs everything for wave-lengths greater than 0-9 /4 
100 m absorbs everything for wave-lengths greater than 0-6/4 

The wave-length o*6 brings us within the visible part of the spectrum for 
the transmission of which through water we have already given the interesting 
results of Knudsen (vol. ii, p. 51) for wave-lengths from *65 [ju to *40 /x. 

Here we may supplement Knudsen ’s figures by results due to Nichols ^ for 
wave-lengths outside the range of the visible spectrum. 

^ Smithsonian Miscellaneous Collections, vol. Lxviii, No. 8, 1917, p. 49, and ‘ Absorption der 
Sonnenstrahlung in Wasser’ by W. Schmidt, Met. Zs. Bd. xxv, 1908, p. 321. 

® Quoted by Fowle, loc. cit. supra. 
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Percentage transmission of i cm liquid zoater 

Wave-length A *779 *865 *945 1*19 1*41 to 2-8 /z 

Percentage transmission 76*2 74*4 58*4 14*4 too small to 

measure 

Water in a thickness of 2 cm is practically completely absorbing for rays emitted by 
a body at temperatures 373tt and low^er, and would be a perfect radiator at such tem- 
peratures, provided its reflecting power for these rays were zero. 

For angles of incidence greater than 75°, reflection is above one-third total, for 
vertical incidence the reflection is about 2 per cent, for radiation of a black tea-kettle 
at 373tt. 

We conclude that water lacks but 4*4 per cent, of radiating and absorbing as much 
as the perfect radiator. 

For angles of incidence greater than 75° water is highly reflecting. For angles of 
incidence up to 15° water at temperatures under 303tt radiates 99-5 per cent, as much 
as the perfect radiator. 

(Based on Annals of the Astrophy steal Observatory ^ vol. iv, 1922, p. 290.) 

The similarity of water and glass as absorbers of long- wave radiation may 
be emphasised by the fact that a glass screen is often used to keep off the 
radiation of a fire while it allows the light to pass through. In like manner the 
glass of a greenhouse offers practically no obstruction to the passage of the 
solar energy, but is impervious to the long-wave radiation from the plants in 
the interior. It produces, in fact, the same sort of effect as a cloud-cover in 
nature ; it prevents the loss of heat on balance which is suffered by any body 
exposed to the clear sky. 

Some figures which express the selective property of glass are given below ; 
the figures represent the coefficient of transmission a in the Bouguer formula 

Unit of thickness =10 cm Unit of thickness = i cm 

Wave-length -375 /x to *677 /x *7 /x to 2-9 /lc or to 3*1 /x 

Ordinary light flint a -388 increasing to ‘939 Borate crown i-oo diminishing to *18 

Ordinary silicate crown a *583 increasing to *903 Crown -99 diminishing to *29 

{Smithsonian Physical Tables, 7th edition, 1920, p. 302.) 

The intensity of the energy reflected from a surface of water is not by 
any means independent of the wave-length. Short waves are easily reflected 
whereas the reflexion of long waves is very defective. We have at the present 
no figures on the subject. 

# # # 

We have now set out the information which we have been able to glean 
about the physical processes by which the earth becomes possessed of its 
supply of energy from the sun. The line of investigation has been in the 
direction of the differentiation of the energy actually received and the evalua- 
tion of the separate items, presumably with the object, so far as meteorology 
is concerned, of subsequently integrating the effects of the items collectively 
upon the atmosphere. 

We have expressed the energy in terms of kilowatt-hours per square 
dekametre,an engineer’s unit. The practice has been objected to on the ground 
that measures of radiation have been expressed in the past as their equivalent 
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in g cal/(cni^ min)' and should continue to be so expressed because the relation 
of radiant energy to heat-energy is so intimate. 

But it is exactly the relation of the radiant energy to heat-energy that 
meteorologists require to explore. The question which appears in the fore- 
ground of the study of the atmosphere is : How much of the solar energy is 
really converted into gramme calories in the circumstances actually obtaining 
in the open air, and when? The implication of the question is obscured rather 
than illuminated if we say: ‘‘The whole of it, if and when it gets into the 
standard black body of the Smithsonian Institution.” Natural circumstances 
are not those of a perfectly black enclosure. In the information which 
we have collected there is evidence of many a slip between the cup of the sun 
and the lip of the Smithsonian enclosure. Heat is a peculiar form of energy, 
as future chapters will explain. 

LONG- WAVE RADIATION FROM EARTH AND AIR 
Items E, F, G, K, M of the balance-sheet 

The balance-sheet of p. 107 shows the energy obtained by short-wave 
radiation from the sun to be redistributed over space external to the earth’s 
atmosphere partly by immediate reflexion represented by the albedo, and 
partly by long-wave radiation emanating from sea or earth and air. The energy 
which thus emanates depends upon the nature of the surface and on the 
temperature of the body from which it originates ; and those of course are 
different for different localities and at different seasons ; the direct measure- 
ment of the energy so emitted on selected occasions is obviously an important 
part of the study of radiation in relation to meteorology. Against the loss by 
radiation to the surrounding atmosphere must be set the amount of long- wave 
radiation of the atmosphere to the surface, depending upon the temperature 
of the air and the water- vapour which it contains. The difference between the 
outgoing and incoming radiation is often treated under the name of nocturnal 
radiation. Objection is taken to the name because the radiation from the sur- 
face is continuous day and night over the whole earth with appropriate degrees 
of intensity in different parts ; and in fact it is its continuance throughout the 
24 hours which enables it, in the long run, to balance the more potent influence 
of the sun’s radiation which on the average has an innings of only 12 hours. 
On that account there is some advantage in calling it nocturnal because 
radiation in the absence of the sun is the ideal that we wish to have in mind ; 
and we wish to consider it quite independently of the solar radiation which 
overpowers it for a large part of the day. Long-wave radiation is perhaps the 
best name. 

It forms the subject of a memoir by Anders Angstrom, ‘ A study of the 
radiation of the atmosphere,’^ in which he recounts the results of special 
expeditions under very favourable conditions to Algeria and California in aid 
of which the upper air investigation of the U.S. Weather Bureau was invoked 
with good effect. 

^ Smithsonian Miscellaneous Collections, vol. Lxv, No. 3, Washington, 1915. 
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Angstrom was concerned to measure what he and others call the “ effective 
radiation” from a black body exposed to the sky and thereby to obtain a 
measure of the counter-radiation of the atmosphere ; any surface emits part of 
its own thermal energy by radiation on account of its temperature and receives 
in return the energy of radiation emanating from the sky. The effective 
radiation is the difference between these two and expresses the rate at which a 
body at the surface of the earth loses heat on account of radiation alone. The 
effective radiation is expressed in Dines’s balance-sheet by the difference 
between G (long-wave radiation from the earth) and E plus M (long-wave 
radiation from the atmosphere). 

In the previous section we have noted that Dr Simpson has made a successful 
computation of the outgoing radiation of the whole earth upon the basis of the 
absorption of radiation by water- vapour as represented in fig. 75. From that 
diagram he concludes that a layer of atmosphere which contains enough water- 
vapour to form *3 mm of water will behave as a black body for radiation of 
wave-length 5-5 /x to 8 jic and from 14 /x onwards. On that basis the stratosphere 
becomes a notable radiator and absorber. For the radiation of the wave- 
lengths which suffer only partial absorption allowance is made by dividing the 
areas on the diagram representing black-body radiation for the appropriate 
temperature. We may without serious difference in the final result divide the 
wave-lengths instead of dividing the area and take atmospheric radiation from 
a layer with *3 mm water as black-body radiation for the wave-lengths 5*5 jix 
to SfjL and from 14/x onwards, and perfect transparency for the rest, with 
however a certain allowance for carbon dioxide. 

In this section we are to deal with actual observations of the balance of 
radiation between earth and sky. Reference may be made by the observers 
to the humidity of the atmosphere at the time of observation but no numerical 
estimate of air-radiation is made on the basis of the radiating power of water- 
vapour for different wave-lengths. The results which we are quoting may 
be read usefully in the light of the more recent representation of the basis of 
the radiating power of the atmosphere. But the suggestion entails more 
inquiry than we can follow up at present. We leave it to the reader, and 
proceed with our recital of the results of observations of long-wave 
radiation. 

For the purposes of measurement a black body is chosen as the terrestrial 
radiator. The black body employed has taken different forms with different 
observers. J. Maurer, 1886, who was the first to measure effective radiation, 
used a circular copper disk ; J. M. Pernter, 1888, “ a similar method ” ; Homen, 
1897, two equal copper plates alternately exposed and covered; Christiansen, 
metal disks placed on a water-surface and exposed to the sky, the thickness of 
ice formed on the disks was the index; F. Exner, 1903, the strips of a com- 
pensating pyrheliometer; K. Angstrom, 1905, strips which are the sensitive 
part of the black body of a pyrgeometer; Lo Surdo, 1908, ‘‘the same type”; 
A. Angstrom, 1912, also the same, to be mentioned later. 

Angstrom gives a table of the effective radiation from a square centimetre 
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of surface in gramme calories per minute from which we have taken the 
following : 


Table of measures of effective radiation of a black surface 




exposed 

to clear sky at night 

Mean effective 
radiation 

Tempera- 


Date 

Observer 

Place 

Height 

m 

j, 

r 

gcal 
cm^ min 

kw 

(iom)“ 

ture 

tt 

1887 

June 13-18 

Maurer 

Zurich 

500 

0*128 

8*92 

288-291 

1888 

Feb. 29 

Pernter 

Sonnblick 

3095 

0*201 

14*0 

265 

1888 

Feb. 29 

Pernter 

Rauris 

900 

0*151 

10*5 

— 

1896 

Aug. 

Hom6n 

Lojosee 

— 

0*17 

11*8 

— 

1902 

Exner 

Sonnblick 

3106 

0*19 

13*2 

— 

1902 

July I 

Exner 

0 

Sonnblick 

3106 

0*268 

(max.) 

i8*7 


1904 

May-Nov. 

K. Angstrom 

Upsala 

200 

0-155 

10*8 

273-283 

1908 

Sept. 5-6 

Lo Surdo 

Naples 

30 

0*182 

12*7 

293-303 

191^ 

July 10 to 
Sept. 10 

A. Angstrom 

Algeria 

1160 

0*174 

12*1 

293 


Radiation from a black body at 288tt according to Stefan’s law with 
Kurlbaum’s constant would be 0*526 gcal/cm^ min, 36*7kw/(io m)^. 

Hom6n draws from his observations on the [long-wave] radiation between earth 
and sky the following conclusions : (i) if the sky is clear, there will always be a positive 
radiation from earth to sky, even in the middle of the day; (2) if the sky is cloudy, there 
will always be, in the daytime, a radiation from sky to earth; (3) in the night-time the 
radiation for a clear as well as for a cloudy sky has always the direction from earth to 
sky. 

Contrary to Hom6n [Lo Surdo] finds a positive access of radiation from the sky 
even when the sky is clear. 


In agreement with former investigations made by Maurer and Hom 6 n, Exner found 
the [effective] radiation to be relatively constant during the night . . . there are tendencies 
to a slight maximum. . .one or two hours before sunrise. 

During a clear and especially favourable night [Lo Surdo] found a pronounced 
maximum about two hours before sunrise. 

o 

(A. AngstrSm, A study of the radiation of the atmosphere^ Washington, 1915.) 

Dines’s general conclusions are recorded on pp. 163 to 167. 

The pyrgeometer^ which Anders Angstrom used depends upon four thin 
manganin strips in one plane stretched across an aperture in a plane surface 
which forms the face of the instrument ; two are black, two gilded, each carries 
a thermo-junction. Loss of heat from the black is compensated by an electric 
current and the compensation is indicated by the thermoelectric circuit, and 
the necessary current by an ammeter. A black hemisphere of known tempera- 
ture is used to standardise the instrument. 

Observations were made at Bassour in Algeria in 1912, the year when the 
dust of Katmai was operative, and in 1913 at a number of stations in Cali- 
fornia. At the same time upper-air observations were carried out by the staff 

1 ‘Recording Nocturnal Radiation,* Meddel. fran Statens Meteorologisk-Hydrografiska 
Anstalt, Bd. in, No. 12, Stockholm, 1927. 
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of the U.S^ Weather Bureau by free balloons at Avalon, and by captive 
balloons at Lone Pine and Mount Whitney. 

The observations of radiation were as follows : 



Station 

Month 

Number of : 
days obs. 

Alti- 

tude 

m 

Range of effective radiation 

A 

r ^ 

g cal/cm® min kw/(io m)** 

1912 

Bassour, Algeria 

July- 

38 

— 

1160 

0*138 to o*a20 

9*62 to 15-33 

1913 

Indio 

Sept. 

July 

3 

28 

0 

o*ii8 to 0-193 

8*23 to 13-45 

1913 

Lone Pine 

Aug. 

9 

100 

1140 

0*1 ay to o*a4i 

8*85 to i6-8o 

1913 

Lone Pine Canyon 

Aug. 

5 

as 

asoo 

0*147 to o*a26 

10-25 to 15-75 

1913 

Mt San Antonio 

July 

a 

23 

3000 

0*131 (clouds 

9*13 to 15-68 

1913 

Mt San Gorgonio 

July 

a 

14 

3500 

after 3 h) to 0-225 
0*198 to o-aa3 

13*8 to 15-54 

1913 

Mt Whitney 

Aug. 

9 

83 

4420 

0*150 (after 

10*46 to 15-89 

1913 

Mt Wilson 

Aug. 

I 

16 

1730 

foggy after- 
noon) to o-a28 
0*140 to 0*155 

9*76 to 10-80 


Here we may supplement Angstrom’s results by the following observations 
published elsewhere. 

With a clear sky the nocturnal long-wave radiation of the earth at Davos^ 
amounts to : 


Oct. 

Nov. 

Dec. 

Jan. 

Feb. 

Mar. 

April 

May 

0*182 

0*178 

0-183 

o*i8o 

o-ao5 

0*216 

0-185 

0*183 8 cal/cm® min 

12*7 

12*4 

ia-8 

12-5 

14*3 

is-i 

ia*9 

12*8 kw/(io m)2 


these being the mean values from twilight to twilight* 


Long-wave radiation from the atmosphere 

The measure of radiation from the atmosphere is the difference between 
the fourth power radiation of a black body at the temperature of observation 
and the observed effective radiation. The observations are utilised mainly to 
study the relation between the effective radiation and the corresponding 
temperature and humidity of the air at the time of observation, as a means 
of ascertaining the dependence of the radiation of the atmosphere upon those 
quantities. A specimen of the comparison in the case of observations at 
Mount Whitney on the nights on which upper-air observations were obtained 
with a captive balloon is given in fig. 82, chap. v. 

The main results and conclusions as summarised by Angstrom are as 
follow: 

1 . The variations of the total long-wave radiation of the atmosphere at low altitudes 
(less than 4500 m) are principally caused by variations in temperature and vapour- 
pressure. 

2. The total radiation received from the atmosphere is very nearly proportional 
to the fourth power of the temperature at the place of observation. [E - CT® ; the 
weighted mean of a for Indio and Lone Pine is 4*03.] 

o 

^ A. Angstrom and C. Dorno, trans. in M,W, Rev. vol. XLix> Washington, 1921, p. 135. 
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3. The radiation is dependent upon the [absolute] humidity. An increase in the 

vapour-pressure of the atmosphere will increase its radiation in a manner that has 
been expressed by an exponential formula. [E= *439 — -158 x where q is the 

vapour-pressure presumably in millimetres.] 

4. An increase in the vapour-pressure will cause a decrease in the effective radiation 
from the earth to every point of the sky. The fractional decrease is much greater for 
large zenith angles than for small ones. 

5. The total radiation which would be received from a perfectly dry atmosphere 
with a temperature of 293tt at the place of observation would be about 

0-28 g cal/cm® min, 19*5 kw/(io m)^. 

6. The radiation of the upper dry atmosphere would be about 50 per cent, of that 
of a black body at the temperature of the place of observation. [Mount Wilson.] 

7. Any evidence in the observations of maxima or minima of atmospheric radiation 
during the night can be explained by the influence of temperature and humidity con- 
ditions. 


8 . There are indications that during the daytime the radiation is subject to the same 
laws that hold for radiation during the night time. 

9. Increase of altitude of the station corresponds with a decrease or an increase in 
the effective radiation of a black body exposed to the sky according to the value of the 
lapse-rate of temperature, and the lapse-rate of vapour-pressure. At about 3000 m 
effective radiation generally has a maxinaum. An increase of the lapse-rate of humidity 
or decrease in that of temperature tends to shift the maximum to a greater altitude. 

The effect of clouds is variable. Low and dense cloud banks cut down the 
effective rachation of a black body to about 0*015 g cal/cm® min, 1 *05 kw/(io m)®. In the 
case of high and thin clouds the radiation is reduced by only 10 to 20 per cent, 
[from 0*28]. 

It is evident that, when the sky is cloudy, we can distinguish between three radiation 
sources for the atmospheric radiation: first, the radiation from the parts of the atmo- 
sphere below the clouds ; secondly , the part of the radiation from the clouds themselves , 
which is able to pass through the inferior layer, and, in the third place, the radiation 
from the layers above the clouds, of which probably, for an entirely overcast sky, only 
a very small fraction is able to penetrate the cloud-sheet and the lower atmosphere. 

Some measurements were taken in the case of an entirely overcast sky. In general 
the following classification seems to be supported by the observations* 


Clear sky 

Sky entirely overcast by: 
Ci, Ci-st and St 
A-cu and A-st 
Cu and St-cu 


Average effective radiation 
g cal/cm® min kw/(io m)* 

0*14 to 0*20 Q.g to 13*9 


o*o8 to O' 1 6 
0*04 to o*o8 
0*01 to 0'04 


5’6 to 11*2 
2*8 to 5*6 
0*7 to 2*8 


II. The effert of haze upon the effective radiation is almost inappreciable when no 
douds or real fog are formed. The great atmospheric disturbSriOiz can 
have reduced the effective radiation in Algeria by less than three cen? ^ 

P>^obabil^ is that radiation to the free air from large water-surfaces is 

[W.4 i. 

are 6M that a cl«r 

Sp supplies radiation proportional to a power of the temperature at the olace 
of obaetvattoo not diSeting reuch from the foortt 
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radiation from a clear sky above the surface of 4000 metres is about 50 per 
cent, of black-body (fourth power) radiation at the temperature of the station ; 
and thirdly, that the radiation from large water-surfaces is very little different 
from that of a perfect radiator, perhaps 5 per cent, for radiation to the whole 
sky, and that in natural conditions when water-vapour tends to take a value 
corresponding with the temperature of the air the radiation from water is 
practically independent of temperature, and therefore also of latitude. The 
conclusion is important because so much of the radiation from the earth’s 
surface which provides the item G in the balance-sheet must come from water. 
The behaviour of water is based upon Fresnel’s formula for refraction, 
according to which the ratio of reflected light to incident light 

_ I [sin^ (i — k) tan^ {i — A:)) 

2 |sin^ (z + tan^ (z + ^)j ’ 

where i is the angle of incidence and k the angle between the normal and the 
refracted beam. 

Angstrom relies to a considerable extent upon theoretical considerations 
of the radiation from layers of air of defined composition and temperature 
derived by what he cites as laws of radiation. It is not always easy to follow 
the application of theory to problems in nature in the absence of adequate 
knowledge of the constants which the formulae require. 

Sky-searching for long waves 

The question of the radiation from different parts of the sky has also been 
treated by W. H, Dines, but from a different angle and by a different method, 
to which we may now turn our attention. On p. 8 of vol. ii we have already 
summarised his observations of radiation about sunset in the conclusion that, 
whatever be the time of year, on cloudless days near sunset at Benson in Oxford- 
shire the earth is losing heat at the rate of 7 kw/(io m)^. With the instrument 
described on p. 140 Dines explored the radiating capacity of the sky at Benson. 

The results of the first year show remarkable fluctuations indicating 
a very variable sky; the effective temperature of the portion within the 
beam of his instrument in the course of daily observations during December 
1920 ranged from 52° F to - 39° F (284^ to ^33tt). “The highest tempera- 
tures which are always found with a dense layer of low clouds are in general a 
degree or two below that of the air at the time ; the lowest temperatures which 
prevail on clear, but not necessarily on calm nights, are far below the corre- 
sponding minima in the screen or on the grass.” 

In treating the material of observations on radiation to clouds taken by myself and 
S. Asklof, A. Defant has pointed out that the radiation in most cases is of exactly the 
amount which ought to be expected if the radiation took place against a black perfectly 
absorbing surface of the temperature at the altitude of the cloud-layer in question. 
In other words, the cloud-layer behaves veiy nearly like a perfectly absorbing surface 
as regards the long waves constituting the radiation from the earth. 

(A. Angstrom, ‘Recording nocturnal radiation,’ MeddeL fran Stat. 

Meteor. -Hy drag. Anst. Bd. iii. No. 12, Stockholm, 1927, p. 10.) 
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i64 IV. RADIATION AND ITS PROBLEMS 

A. Angstrom further expresses the corresponding fact as 50 per cent, of the 
radiation of a black body at the temperature of the surface, for the atmosphere 
above 4000 m. In Dines’s notation and taking the temperature of the surface 
as 273tt, this would be that the equivalent black-body temperature for the sky 
is 230tt, a difference of 43tt or 77° F. 

The variation in the equivalent black-body temperature of the sky which is 
here the subject of investigation might furnish a valuable addition to the usual 
meteorological indications of weather by registering variations in the water- 
vapour of the lower layers. Cases arise — an example will be given in chapter v — 
in which the main body of the atmosphere is sistible as dry air but as saturated 
air it is not; such conditions almost necessarily precede thunderstorms* 
The loading of the air with water-vapour, acting as a kind of trigger to set 
the upper air in motion, would be associated with increased long-wave 
radiation from the sky and consequently increased equivalent black-body 
temperature as determined by the sky-searcher. The condition preceding 
a thunderstorm is commonly indicated by calling the weather “close,*' and 
closeness in this connexion may be interpreted as an oppressive amount of 
counter-radiation of long waves from the sky which is in direct contrast with 
the exhilaration of a clear sky and its radiative possibilities. 

W. H. Dines^ gives the following correlation between T the temperature in 
the screen at the surface, V the vapour-pressure and S the long- wave radiation 
from the sky when cloudless (excluding diffuse solar, short-wave, radiation) 
on the supposition that the radiation from all parts is the same as from the 
zenith. 

Correlation between S and V, -So; between T and S, *94; between V and T, *77. 

The observations on which the coefficients are based were made between 
February and August at hours from 7 h to 22 h with a decided preponderance 
of observations at 13 h and 18 h. 

Dines deduces the equation 

S' = 330 -h 4*9 V -f 87 t, 

where S is the radiation in g cal per square centimetre per day, v is the 
vapour-pressure in mb and t is the temperature in °C. The equation holds 
between temperatures 32° F (273tt) and 80° F (300tt). 

We have given the result in the terms and symbols which Dines himself 
employed ; our stock of units and symbols is really not sufficient to supply the 
reqimements. Without risk of confusion, having regard to the economy which 
we have prescribed for ourselves in these matters, we have transformed 
Dmes s equation to comply with our own rules and thus obtain 

ioi-2q -f i77-8tt - 4220, 

where iV~ is the long-wave radiation in kUowatts per square dekametre, 

q « the vapour-pressure in milhbars and tt the temperature on the tercen- ' 
tesimal scale. 

^ Q.y. Roy, Meteor, Soc. vol. XLVii, 1921, p. 260. 



